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Abstract 
 
Polymer solar cells (PSCs) have attracted great attentions because of their many advantages including 
flexibility, light weight, and low cost for fabrication. Moreover, hybrid solar cells (HySCs), based on 
organic and inorganic semiconductors, are also a promising way to enhance the efficiency of solar cells 
because they make a better use of the solar spectrum and are straightforward to fabricate. Among various 
strategies, design and choosing more efficient active layers are promising and efficient ways to 
maximize performance of solar cells. 
In this study, the active layers of PSCs and HySCs are presented with various strategy based on the 
active layer. Carefully designed p-type conjugated polymers and additives are studied in each polymer 
solar cells, and amorphous and crystalline Si are applied in HySCs. 
On the basis of theoretical considerations of the intramolecular charge transfer effect, a series of donor 
–acceptor conjugated polymers based on bis-benzothiadiazole (BBT) are designed.  An electron-rich 
2,7-carbazole (CZ) and electron-deficient BBT units poly[N-(2-decyltetradecyl)-2,7-carbazole-co-7,7’-
{4,4’-bis-(2,1,3- benzothiadiazole)}] (PCZ-BBT), a PPV-type copolymer poly[N-(2-decyltetradecyl)- 
2,7-carbazolevinylene-co-7,7’- {4,4’-bis-(2,1,3-benzothiadiazolevinylene)}] (PCZV-BBTV), and a 
tercopolymer based on carbazole, thiophene, and BBT poly[N-(2-decyltetradecyl)-  2,7-(di-2-
thienyl)carbazole-co-7,7’-{4,4’- bis-(2,1,3-benzothiadiazole)}] (PDTCZBBT) have been designed to 
understand the influence of BBT acceptor structure on the PSC characteristics of the resulting materials. 
All the polymers provide a photovoltaic response when blended with a fullerene derivative as an 
electron acceptor. Moreover, the introduction of fluorine (F) atoms onto BBT-conjugated polymer 
backbone is an effective way to enhance the performance of BHJ solar cells. As an attempt to further 
understand the impact of F, two fluorinated analogues of PCDTBT, namely, PCDTFBT and PCDT2FBT, 
through inclusion of either one or two F atoms into the benzothiadiazole (BT) unit of the polymer 
backbone and the characterization their performance in solar cells.  
Considerable improvements in efficiency and thermal stability have been showed in the BHJ system by 
adding a diblockcopolymer P3HT-b-P (St89BAz11)-C60 as a compatibilizer additive. Small amounts of 
the additive alter the interfacial morphology between the P3HT and PCBM components, resulting in a 
noticeable difference in phase segregation of the BHJ films. The best performance is observed in the 
cell with10% additive, which exhibits substantially improved power conversion efficiency and thermal 
stability of the device.  Another additive on the enhanced performance of BHJ solar cells composed of 
an iridium complex with pendant sodium cations (pqIrpicNa) as an energy donor, P3HT as an energy 
acceptor, polyethylene oxide (PEO) as an ion channel, and PCBM as an electron acceptor. With the 
iridium complex and PEO as additives, 20% increase in the efficiency of the PSC is observed. The 
enhancement of PSC stems from the morphology with the iridium complex and the enhanced mobility 
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of the sodium cations toward the metal electrodes through the ion channel of PEO under sunlight, which 
results in an increased charge collection at the electrodes.  
The remarkable electronic properties of fullerenes have attracted great attention with different 
backgrounds to develop a wide variety of chemically modified fullerene derivatives. Fullerene 
derivatives are used as n-type organic materials for the solar cells. A fullerene-rich dendron and linear 
polymer and utilized polymer solar cells with P3HT donor conjugated polymer.  
 Bi-functionalized materials which can act as p-type and n-type function are investigated as an 
ambipolar low band gap conjugated copolymer in BHJ solar cells. Ambipolar copolymer, poly[3,6-
dithien-2-yl-2,5-di(2-decyltetradecanyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-50,50 ’-diyl-alt-benzo-2,1,3-
thiadiazol-4,7-diyl] (PDTDPP-alt-BTZ), successfully works as the bifunctional material acting as both 
donor or acceptor. However, solar cell performances were limited because of fast recombination nature 
and broken charge balance of hole and electron, 
A hybrid solar cell comprised of hydrogenated amorphous silicon (a-Si:H), PC71BM, and poly-3,4-
ethylenedioxythiophene poly styrenesulfonate (PEDOT:PSS) is studied for the properties. The devices 
were studied as a function of the thickness of the a-Si:H layer. It is observed that the open circuit voltage 
and the short circuit current density of the device depended on the thickness of the a-Si:H layer. 274 
nm-thick layer of a-Si:H for the HySCs shows the best performance.   
High-efficiency hybrid solar cell of its type comprising p-type crystalline Si with an organic n-type C60 
layer are studied. Fabrication parameters were thoroughly investigated and critical factors for the 
efficient operation of this type of device were found to include C60 thickness, doping of the C60 layer 
using tetrabutyl ammonium iodide, aging passivation and the incorporation of anti-reflection coatings.  
Using these versatile materials and method may offer the possibility to commercialize these 
photovoltaic cells.  
 
Keywords: Solar cells, Organic solar cells, Polymer solar cells, Hybrid solar cells, conjugated polymers, 
fullerene, fullerene derivatives, p-type Si. 
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Chapter 1. Introduction  
1.1. Sun Light and Solar Cell  
The sun has been burning around 4 billion years, and it will burn that long into the future before 
exploding into a gigantic red star, overwhelming the earth in the process. Some stars are huge sources 
of X-rays; other stars mostly generate radio signals. The sun releases 95% of output energy as light, 
which cannot be seen by the human eye. The peak of its radiation is in the green portion of the visible 
region of the light spectrum. Most plants and the human eye function best in green light because they 
adapted to the nature of the sun light reaching them. The sun is responsible for most of the energy 
available on earth, except for attributable to moon tides, radioactive material, and the residual internal 
heat of earth. Everything else is a transformed from the sun energy. Hydropower is also made possible 
by evaporation transpiration owing to solar radiant heat. The winds are caused by the sun's rough heating 
of the atmosphere; fossil fuel sources are remnants of organic life previously nourished by the sun; and 
photovoltaic electricity is produced directly from sunlight by converting the energy in sunlight into free 
charged particles within certain kinds of materials.1 
The sun light looks white because it is made up of many different colors that combined, produce a white 
light. The visible and invisible radiations of the sun light spectrum has a different energy respectively. 
Within the visible region of the spectrum, red to violet, red is at the low-energy end and violet is at the 
high-energy end having half energy as red light. Light in the infrared region which we can't see but feel 
as heat has less energy than that in the visible region. Light in the ultraviolet region which is invisible 
but causes the skin to tan has more than that in the visible region. Visible light represents only a tiny 
portion of a vast radiation spectrum. Studies of light and radiation show that one light ray interacts with 
other physical objects can be reason it is useful to characterize light radiation. All the waves have a 
certain distance between peaks and it is called the wavelength (Figure 1.1).  
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Figure 1.1. wavelength of sunlight.2 
 
This wavelength can also be indicated as a frequency, the number of peaks in a specified distance of 
propagation. For the light waves, the energy related with the wave increasing as the frequency increases 
and wavelength decreases. Not all of the direct sunlight incident on atmosphere of earth arrives at the 
surface. The atmosphere is a great absorber and can cut the sun energy reaching the earth more than 
50%. The peak intensity of sunlight at the earth’s surface is about 1000W/m2. However, not all areas of 
the earth get the same average amounts of light throughout the year. The most intensely bathed areas 
lie between 300 north and 300 south latitude, because these areas have covered by the least cloud. There 
are seasonal radiation variations caused by the tilt of the earth with respect to the sun. Therefore, in the 
winter, the sun will daily provide less than 20% of the summer sun's energy at some locations because 
it is lower in the sky and the days are shorter. The sun may be a continuous source of energy, but at the 
earth's surface, the distribution of the energy and the constancy of its radiation are not ideal. A good 
photovoltaic system cannot be designed without the variations associated with the energy spectrum and 
its local situation.  
This conversion is novel and unique, since Solar cell systems have no move parts to exhaust, contain 
no liquids or gases, consume no fuel, have a rapid response, can operate at adequate temperatures, 
produce no pollution if properly manufactured and installed can be made from silicon, the second most 
abundant element in the earth are modular permitting a wide range of solar electric applications and 
have a relatively high conversion efficiency giving the highest conversion efficiency. The sun energy 
is certainly inexhaustible. However, even though sunlight striking the earth is abundant, it does not 
comes in a high density form. Power sources based on photovoltaics require either back-up from other 
sources or storage when the sun is hidden. Moreover, the cost of a photovoltaic system is not that 
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reasonable. 
Operating silently and without any moving parts or environmental emissions, solar cells have developed 
from being market applications into a mature technology used for conventional electricity generation. 
A rooftop system invested energy for its manufacturing and installation within 0.7 to 2 years and 
produces about 95 percent of clean renewable energy over a 30-year service lifetime.3 Due to the 
exponential growth of photovoltaics, prices for solar cells have rapidly declined recently. In 2014, 
prices for residential 5-kW systems in the US were around $3.29 per watt.4 
It may also use a solar tracking system to improve the system's overall performance and include 
an integrated battery solution, as prices for storage devices are expected to decline. Solar cell systems 
range from small, rooftop-mounted or building-integrated systems with capacities from a few to several 
tens of kW, to large utility-scale power stations of hundreds of megawatts.  
The solar cell operation requires three basic aspects: (1)The light absorption, generating both electron-
hole pairs and excitons. (2)The charge separation of carriers. (3)The separate extraction of those carriers 
to an external circuit. The process is called photovoltaic effect. This will be explained section 1.3 
specifically. 
 
1.2. History of Solar Cells  
The photovoltaic effect was observed in 1839 by Edmund Becquerel at first. He had noted a voltage 
produced when one of two same electrodes in a weak conducting solution was illuminated. In the 1870s, 
the PV effect was first studied in solids state, like selenium (Se). Se photovoltaic cells were built that 
exhibited ~2% efficiency in converting light to electricity in the 1880s. Se converts light in the visible 
region of the spectrum. From this reason, it was rapidly adopted by the photography for light-measuring 
devices. Charles Fritts in 1883 built the first solid state photovoltaic cell by coating the semiconductor 
selenium with a thin layer of gold to form the junctions and the device was only 1% efficiency. 
Moreover, Russian physicist Aleksandr Stoletov built the first cell based on the outer photoelectric 
effect discovered by Heinrich Hertz in 1887.5 In 1905 Albert Einstein proposed a new quantum theory 
of light and explained the photoelectric effect in a breakthrough paper, and he received the Nobel Prize 
in Physics in 1921. In the 1920s to 1930s, quantum mechanics laid the theoretical foundation for our 
present understanding of photovoltaics.Vadim Lashkaryov discovered p-n-junctions in Cu2O and silver 
sulfide protocells in 1941.6 Russell Ohl invented the new junction semiconductor solar cell in 1946 
while working on the series of advances that had led to the transistor. A major advance in solar cell 
technology came in the 1940s and early 1950s when the Czochralski method was developed for 
producing highly pure crystalline silicon. In 1954, Bell telephone laboratory produced a silicon 
photovoltaic cell with a 4% efficiency. This is the first practical photovoltaic cell was demonstrated by 
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Daryl Chapin, Calvin Souther Fuller and Gerald Pearson.7 Bell Labs soon enhanced this efficiency to a 
6% and then 11%, heralding an entirely new era of power-producing cells. Most were for cells in regions 
geographically isolated from electric utility lines. Vanguard space satellite used less than 1 watt a small 
array of cells to power its radio in 1958 in the US. The cells worked well that space scientists realized 
the PV could be an effective power source for many space missions. Development of the solar cell has 
been a part of the space project. Besides the space project, the transistor industry contributed a lot to 
the solar cell technology. Transistors and solar cells are made from similar ways, and they are 
determined by many of the same physical mechanisms. A huge amount of development has been 
expended in improvement of the useful transistor. Solar cells had improved gradually over the next two 
decades. The progress was also determined largely by the semiconductor industry. They move to 
integrated circuits in the 1960s led to the availability at lower prices. As their price decresed, the price 
of the resulting cells did as well. These effects lowered cell costs to some $100/ watt. In 1970s the first 
effective GaAs heterostructure solar cells are invented by Zhores Alferov in Russia. In the early 1970's 
a way to reduce the cost of solar cells was discovered. This brought the price down from $100/watt to 
around $20/watt. In 1980, at the University of Delaware in the USA, the first copper sulfide (Cu2S) and 
cadmium sulfide (CdS) thin film solar cell overs 10% PCE, and Hans Tholstrup drived the first solar 
powered car, the Quiet Achiever, 4,000km between Sydney and Perth in 20 days in Australia in 1982. 
That was 10 days faster than the first gasoline powered car did. Drs. David Carlson and Christopher 
Wronski developed about amorphous silicon in low-cost, high-performance photovoltaic solar cells 
in1984. In 1991, efficient photoelectron chemical cells are developed. Each cell consists of a 
semiconducting photo anode and a metal cathode immersed in an electrolyte and the Dye-sensitized 
solar cell (DSSC) is invented. It was a new class of low-class DSSC. In 1999, Spectro lab and the 
National Renewable Energy Laboratory (NREL) developed a photovoltaic solar cell 32.3% of 
efficiency. The high conversion efficiency was achieved by combining three layers of the materials into 
a single solar cell. The cell performed most efficiently when it received sunlight concentrated to 50 
times. To use the cells in practical applications, the cell was mounted in a device that uses lenses or 
mirrors to concentrate sunlight. Such concentrator systems are mounted on tracking systems that keep 
them pointed toward the sun. In 2000, two new thin film solar modules developed by BP Solarex and 
broke down previous performance records. The company’s 0.5m2 module achieves 10.8 % efficiency; 
the highest in the world for thin-film modules. And its 0.9 m2 module achieved 10.6% conversion 
efficiency and a power output of 91.5 watts, the highest power conversion efficiency for the thin film 
module in the world. These days, photovoltaic systems are capable of transforming one kilowatt of solar 
energy falling on 1m2 into about a hundred watts' of electricity. Indeed, standard solar cells covering 
the roof space of a typical building can provide about 8500-kilowatthour of electricity yearly, which is 
about the average household's annual electric consumption. Moreover the sun's low illuminating power 
per square meter, sunlight is intermittent, affected by time of day. Today we see solar cells in various 
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places. Recently new technology are developed such as screen printed solar cells, and a solar fabric that 
can be used to side a house. Figure 1.2 shows the history of the solar cell efficiency. 8 
Figure 1.2. History of the solar cell efficiency.  
 
1.3. Organic Solar cells   
After the oil crisis in the 1970s, a remarkable effort was devoted to the development of solar cells and 
in the 1980s, the industry began to be established, as emphasis on manufacturing and costs grew, and 
manufacturing facilities for producing photovoltaic modules from silicon based p-n junction solar cells 
were built in around world. Therefore, low cost photovoltaic cells were needed to use extensively, and 
organic materials are attempted to the photovoltaic cell. 
The first notable organic photovoltaics (OPV) devices were reported in the late 1970’s and comprised 
a single layer of semiconducting polymer sandwiched between two metal electrodes of different work 
functions. Although power conversion efficiencies (PCEs) were much less than 1%, this marked the 
advent of extensive research in the OPV field. One of the first major breakthroughs came  
in 1986, as Tang et al. reported organic solar cells using the bilayer structure with two organic materials 
that used an acceptor, a perylene tetracarboxylic derivative, stacked on top of a donor material, copper 
phthalocyanine, and touted an efficiency of about 1%.9 Sariciftci had discovered an efficient 
photoinduced electron transfer from excited conjugated polymers to the fullerene composite in 1992.10, 
11 This discovery had led to the development of OPV through the polymer-fullerene complex.  
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During the last few decades OPV has experienced a main development, with PCE increasing several 
magnitude. After the breakthrough of Tang in 1986, it seems obvious that single component PVs are 
unable to compete with the heterojunction system. Effective absorption, charge transfer, electron and 
hole conduction is a lot for a single component. When two materials are used morphology and the 
miscibility becomes critical issues. It has led to the synthesis of covalently linked donor–acceptor 
systems. The system self-assemble into layered structures that helps an efficient charge carrier transport. 
When donor- acceptor two-component system are much more effective than single component cells, it 
is fascinating to think that the right three-component system will be even more effective. More complex 
systems is more difficult to fabricate and optimize.  
The PSCs are fabricated through solution process and have low-cost systems due to material and 
easy fabrication techniques. The PSCs can be presented many applications from flexible and 
semitransparent solar cells to building applications. These various approaches, such as new materials, 
interfacial engineering, and others, have led to the amazing improvement of efficiency from 3% to over 
11% for the last decade.  
 
 1.3.1 Principle  
Solar cells produce electricity from sun light. Under illumination, light is absorbed by an active material 
in a solar cell, and then electron-hole pairs are generated as excitons. The excitons diffuse to a donor–
acceptor (D–A) interface to dissociate into free charge carriers. Next, the electrons and holes transport 
to each electrodes through their corresponding percolation pathway.12 Through these processes, 4 steps 
affect device performance (Figure 1.3): 1) Absorption of light and generation of excitons, 2) Diffusion 
of excitons to an active interface 3) Charge separation, 4) Charge transport, 5) Charge collection. The η 
is the yield of each process. A similar charge generation process also can occur, when the acceptor is 
excited instead of the donor.  
 
 
Figure 1.3. Schematic of the operation principle of an organic photovoltaic cell. 
 
To create an operation photovoltaic cell, the two semiconducting materials are stacked between two, 
to collect the photo generated charges (see Figure 1.3). After the charge separation process, the charge 
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carriers have to transport to these electrodes without recombination. It is important that the charges can 
enter the external circuit at the electrodes without interface problems. The process will be described 
specifically.  
 
 Absorption of light 
To get an efficient collection of photons, the absorption spectrum of the organic layer should match the 
solar emission spectrum and the layer should be thick enough to absorb most of the incident light. The 
photon absorption is determined by the spectral band, optical absorption coefficient, and thickness of 
an active layer, as well as internal reflection. Normally, the light absorption coefficient of organic 
materials is much higher than that of crystalline or multi crystalline silicon. For example, conjugated 
polymers such as, MDMO-PPV, MEH-PPV and P3HT and for the molecular dye, zinc phthalocyanine 
(ZnPc) the optical absorption coefficient exceeds 1x105cm-1 in the major part of the visible spectrum. 
(Figure 1.1) The absorption coefficients of the conjugated polymers were much higher than that of 
silicon so that a thin layer (~100 nm) of polymer is sufficient to absorb light. To obtain a similar decrease 
of the light intensity the crystalline silicon should be two orders magnitude thickness. 
The materials are responsible for light absorption in the PSC are the organic materials making up the 
active layer. This class of materials is characterized by having a band gap (Eg). This band gap indicates 
the energetic separation between the valence electrons and the free electronic states, for organic 
materials this is indicated as the difference between the highest occupied molecular orbital (HOMO) 
and the lowest unoccupied molecular orbital (LUMO) as showed in Figure 1.4a 
Eg=ELUMO−EHOMO. 
A material is normally considered a semiconducting material when Eg is greater than the thermal energy 
available at room temperature, when valence electrons cannot be excited to the conduction states simply 
by thermal activation, representing the material non-conductive. Since the absorption of a photon of 
energy bigger than Eg can excite an electron from the HOMO to the LUMO state 
Ephoton=c⋅hλphoton≥Eg 
where λphoton is the light wavelength, c is the speed of light and h is Planck’s constant. As shown in 
Figure 1.4b, the absorption of the photo excitation of an electron from the HOMO state to a state above 
the LUMO level, leaves behind an unoccupied valence state (hole) and the photon energy now resides 
as the potential energy difference between this excited electron-hole pair. However, there is a band of 
states above the LUMO level, the excited electron will quickly undergo thermal relaxation, ending up 
at the LUMO level. This signifies that all of the photon energy exceeding the gap energy will be lost as 
heat (Ethermal loss=Ephoton−Eg), as is illustrated in Figure 1.4c. 
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Figure 1.4. (a) An organic semiconducting material in the dark, with a band gap energy. (b) Incident 
light energy greater than the energy gap excites an electron from the HOMO to the LUMO. (c) The 
photon energy greater than the gap energy is losing by thermal relaxation to the LUMO level. 
 
Charge separation 
In PSCs, the electron-hole pair (exciton) created through light absorption is together by coulomb forces, 
forming a quasi-particle. However, for solar cell operation the electron and hole should be separated, 
and consequently collected at the electrodes. To complete this process, the exciton bond also should be 
broken. This is conducted by introducing a secondary organic semiconductor in the active layer, which 
is an energetically lower lying LUMO level, and electron transfer between the two types of 
semiconductor is favorable. From this reason the organic material with the highest LUMO is called the 
electron donor while the other is called the electron acceptor. The electron transfer to be promising the 
following condition is required to be true, with Eexc−b being the exciton bond energy 
EdonorLUMO−EacceptorLUMO≥Eexc−b 
As the electron-hole pairs have certain lifetime before they break, and the electron and the hole 
recombine; the typical distance between an exciton generation and a D-A interface needs to be 5-10 
nm.13 All at once, the photons must cross a certain thickness of the D-A active layer, often on the order 
of 100 nm, for most light absorption. For this reason, the donor-acceptor structure in the active layer 
becomes all important for the efficiency of the PSC. There is an example of a simple bilayer 
heterojunction device, as shown in Figure 1.5a, this is not an optimum structure because there is only 
one region, on each side of the junction would contribute to current generation, around 100 nm thickness 
should absorb most of the light. Therefore it is better to have a nano structured phase in the D-A active 
layer. Figure 1.5b shows optimal or ideal active layer structure. Such nanoscale structuring of soft 
materials is complicated, but can be done using e.g. imprint lithography.14 However, the most successful 
way of fabricating a PSC is well mixed the donor and acceptor materials in organic solvents.  
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Figure 1.5. Three different structures of donor-acceptor heterostructure solar cells. (a) bilayer junction, 
(b) ideal controlled morphology, with nanostructured of the donor and acceptor, (c) bulk-heterojunction. 
Charge transport 
The charge transport process in OSCs and typical inorganic solar cells to drive charge carriers towards 
the electrodes are different. Absorption of light in the inorganic solar cells leads directly to the 
production of electrons and holes in the same material, while in OSCs after charge transfer the electrons 
and holes are in close locality. Thus there is a large chemical potential gradient that drives the charge 
carriers away from the exciton dissociation interface. The internal electrical field contributes to the 
charge transport in OSCs. The velocity charge carriers acquire under the influence of an electric field 
() is given by the relation:  
Vdi =µ i            (1.1) 
µ i is the mobility in molecular materials. The mobility is quite small less than 0.1cm2/Vs, compared to 
inorganic materials around 100-10000 cm2/Vs. In above the rate kinetics for the charge carrier 
recombination processes are also significant parameters for OSCs. These processes should be small to 
flow the charge carriers to get to the electrodes. 
 
Charge collection 
Upon charge separation of the exciton into an electron and a hole at a D-A interface, the electron and 
hole will move their acceptor and donor. For current generation the charges need to be collected at 
separate electrodes, holes to the cathode and electrons to the anode, as seen in Figure 1.3. In the bilayer 
and rod or comb-structured devices in Figure 1.5a and b, this is enabled by separation of the D-A phases, 
from the interface becomes an effective barrier. In the case of the BHJ in Figure 1.5c, the phase 
orientations are percolation paths of D-A materials can connect the two electrodes. The anode electrode 
is chosen as a high work function material and the cathode as a low work function metal. The holes are 
traveling to the high work function anode and the electrons are to the low work function cathode.  
For OSCs, open circuit voltages have been measured by using a single active material and the same 
electrodes. For an OSC based on two molecular materials as depicted in Figure 1.3, the excitation leads 
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to the formation of an exciton in one of the layers. In case there is no potential loss at the electrodes, 
the maximum potential can be obtained by as presented in Figure 1.6: VOC = Ionization potential of the 
p- material - electron affinity of the n-material. 
 
 
Figure 1.6. Energy levels the maximum potential generated by an exciton solar cell. The offset in the 
energy levels corresponding to LUMO forming the driving force for the dissociation of the exciton. 
 
1.4. Characterization  
 
Figure 1.7. I–V curves of an organic PV cell illuminated conditions. The open circuit voltage (VOC) 
and the short-circuit current (ISC) are shown. The maximum output is given by the square Imax Vmax. 
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Solar cell power conversion efficiency can be derived from the current density–voltage (J–V) 
characteristic curves. The energy conversion efficiency can be determined by equation 1.2; 
𝜂 =
𝐽sc 𝑉oc 𝐹𝐹
Pin
× 100  (1.2) 
where Pin is the incident light power. A standard condition for solar cells is Air Mass 1.5 global (AM 
1.5 G) with an incident power density of 100 mW/cm2 at a temperature of 25°C. Equivalent circuit of a 
solar cell is presented as Figure 1.8. A series resistance (RS) is from contact and bulk semiconductor, 
and a shunt resistance (Rsh) comes from poor diode contact. The J–V characteristics can be described as 
equation 1.3,15  
𝐽 = 𝐽0 {exp [
q(𝑉−𝐽𝑅sA)
nKT
] − 1} + 
𝑉−𝐽𝑅sA
𝑅shA
− 𝐽ph   (1.3) 
where k is Boltzmann’s constant, T is temperature, q is elementary charge, A is device area, n is ideality 
factor of the diode, J0 is reverse saturation current density, Jph is photocurrent, RS is series resistance 
and Rsh is shunt resistance. The J–V curves and photovoltaic parameters including VOC and FF strongly 
depend on the n, J0, RS, and Rsh.  
 
 
Figure 1.8. Equivalent circuit of a solar cell. 
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Figure 1.9. The operation and energy band diagram of PSCs. 
 
These operation processes determining a solar cell performance can be better understood in a connection 
with external quantum efficiency (EQE) of a device. EQE is defined as a percentage of the number of 
charge carriers collected at the electrode under short-circuit condition to the number of photons incident 
on the device.16 EQE can be expressed as the product of the above steps.17 
EQE = ηA × ηED × ηCT × ηCC  (1.4) 
Figure 1.10 shows typical dark and illuminated current density–voltage (J–V) curves, in which three 
different regions can be seen.18 I is the linear region in negative potentials and low positive potentials, 
in which the current density is dominated by the shunt resistance (Rsh). II is the region at mediate positive 
regions where the curve shows an exponential behavior and the current density is related to the diode. 
III is another linear region in high positive potentials where the current density is related to the series 
resistance (RS).18 
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Figure 1.10. Current density-voltage characteristics of solar cell. 
 
The reverse saturation current density (J0) is also an important parameter affecting the J–V curves in 
the exponential regimes and thus cell performance. The J0 is an indicator of how many charges can 
overcome the energetic barrier in the reverse direction. These charges are regarded as minority charges 
at the donor/acceptor interface. In a typical p–n junction, J0 can be described as equation 1.5  
𝐽0 = 𝐽i exp [
−qф
nKT
]  (1.5) 
where Ji depends on material purity and f is energetic barrier voltage. ф was in a good agreement with 
energy difference of the LUMO of acceptor and the HOMO of donor. The J0 increases with temperature 
increasing, but it is decreasing as the material quality improve and energy barrier increase.  
The series resistance (RS) is an also important parameter that affects the J–V characteristics of the solar 
cell performance. The RS results from limited conductivity of organic materials, contact resistance 
between organic layer and the electrodes, and connecting resistance between the electrodes and external 
circuit. The RS can reduce the FF and the JSC value if the RS is too high. Generally the RS has no impact 
on open circuit VOC since the entire current flows through the diode at the VOC condition, but no current 
flows though the RS. However, at the points of the VOC, the RS critically affects the J–V curves, providing 
a simplified method to estimate the RS by measuring the slope of the J–V curves in the regime close to 
the VOC.(Figure 1.10) The RS should be minimized to decrease the energy loss, mainly in large area solar 
cells.19 The shunt resistance (Rsh) is also a parameter affecting the J–V characteristics of the solar cell 
performance. The Rsh is related to the device structure and morphology of the material. For example, 
Rsh can be decreased by the leakage current through the pinholes and recombination of charge carriers 
in the devices.20 The morphology and thickness can be processed with care to reduce the pinholes and 
recombination then the Rsh can be increased. The Rsh needs to be maximized to reduce the energy loss 
caused by the current through the solar cell device. A small Rsh lowers the current through the junction 
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and thus reduces the VOC. A simple way to approximately calculate the Rsh is to measure the slope of the 
J–V curves in the regime close to the JSC. (Figure 1.10)   
The above discussed n, J0, Rs and Rsh can highly affect the photovoltaic parameters. VOC is defined as 
the voltage across the device under illumination with a 0 current at which the dark current and short 
circuit photocurrent was exactly offset. By solving the current density verse voltage from equation 1.3 
at J=0 and V= VOC can be derived as equation 1.6 
𝑉oc =
nKT
q
ln (
𝐽ph
𝐽0
+ 1 −
𝑉oc
𝐽0𝑅sh
)  (1.6) 
Figure 1.11 shows the dependence of VOC on n and J0, calculated using equation 1.5 that is derived from 
equation 1.5 by assuming an infinitely large Rsh.  
𝑉oc =
nKT
q
ln (
𝐽ph
𝐽0
+ 1)  (1.7) 
when the Rsh is not large enough, it can also affect the VOC of organic solar cells.   
The FF is greatly affected by the RS and Rsh. The relationship has been reported previously. High FF 
can be achieved with low RS and high Rsh (ideally RS = 0, Rsh = ∞). Therefore, the RS needs to be 
minimized and the Rsh should be maximized to ensure a high FF. The dependence of FF on RS and Rsh 
can be approximated as equation 1.8 
𝐹𝐹(𝑅s, 𝑅sh) = 𝐹𝐹(0, ∞)[(1 −
𝐽sc𝑅s
𝑉oc
) − (
𝑉oc
𝐽sc𝑅sh
)] (1.8) 
Solar irradiance varies with wavelength and roughly traces out a curve in the visible and infrared regions. 
Additional changes in intensity occur because of different pathways by which the sun’s rays traverse 
through the earth’s atmosphere. The property of light illuminated on a solar cell is expressed by Air 
Mass which is a measure of how absorption in the atmosphere affects the spectral content and intensity 
of the solar radiation reaching the earth’s surface. 21 
 
  
Figure 1.11. Dependence of VOC on ideality factor and reverse saturation current density. 
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1.4.1 Molecular materials for OSC   
The PSCs have been developed by innovations in electron donors and acceptors. OSC is composed of 
a film of organic materials, stacked between a transparent electrode and a metal electrode. Many organic 
materials exhibited potential properties as electron donor and acceptor, but only a few electron acceptor 
materials can be used in efficient OSC devices. Typically, the active layer PSC device is composed of 
a blend film of conjugated polymer as electron donor and a fullerene or fullerene derivative as electron 
acceptor. The donor and the acceptor are the key photovoltaic materials for high performance PSCs 
therefore, choosing ideal properties and the way to get photovoltaic materials with ideal properties are 
very important to photovoltaic materials design. BHJ is the most efficient structure,22 which is a blend 
of the donor and acceptor materials.  
 
Donor 
The research of organic materials for OSC has introduced by Alan J. Heeger, Alan G. MacDiarmid and 
Hideki Shirakawa, who discovered that the conductivity of polyacetylene (PA) could be increased by 
seven orders of magnitude. After that, these materials has attracted a lot of attention due to their potential 
of environmental safety, flexiblity, lightweight, and cost efficient electronics. The numerous materials, 
including conjugated polymers and small molecules, have been developed a lot in the past decades. 
Polythiophenes (PT) were used as for polymers with homo conjugated backbones; PT and the 
derivatives Poly(3-alkylthiophene) (P3AT) have been used as active material for organic photovoltaic 
devices. P3HT is supposed to be the best polymer in P3AT group as donor material. Although, P3HT 
exhibited promising photovoltaic properties but still not broad enough to get good harvest of the light. 
Therefore many researchers studied various structures of the conjugated polymers. In order to make 
better absorption of the sun light, broad absorption band is required, and for this purpose, many low 
band gap materials have been invented and have been showed great successes. Moreover in order to get 
efficient charge separation, HOMO and LUMO of the donor material should be 0.2–0.3 eV higher than 
that of the acceptor material. If the offset is too small, it is hard to get efficient charge separation. If the 
offset is too big, the amount of energy loss would be a lot.23  
Although, the energy of the photon that can be utilized by the most common P3HT:PCBM system is 
higher than 2.0 eV, VOC of P3HT:PCBM device is around 0.6 eV, it means that more than 70 % energy 
losing  during the photoelectric conversion process. To reduce the energy loss, HOMO and LUMO 
levels of the donors and the acceptors must be tuned well. Furthermore, mobility of the materials is also 
an important issue for the solar cells. In compared to inorganic semiconductors, organic materials 
exhibit much lower mobility, therefore, improving the hole or electron mobility of organic materials is 
a critical point of molecular design. For an organic semiconducting material, inter- and intra-molecular 
charge transfer properties are very important. The relationship between intra-molecular charge transfer 
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property and molecular structure is still vague. To enhance intermolecular stacking properties is an good 
solution, for examples, the hole mobility of regioregular P3HT is 2–3 orders higher than P3HT due to 
the stronger pi– pi stacking property of the former24; to reduce the steric hindrance on the backbone 
caused by nonconjugated side chains is also an useful approach to improve the inter-chain pi–pi stacking 
characteristic of organic materials and so higher mobility can be approached.25 Absorption band, 
molecular energy levels, and mobility, there are still many other issues like solubility and chemical 
stability, should be carefully decided in molecular design of organic materials. Therefore, balancing 
these properties is the important key to get ideal organic materials.  
 
 
Figure 1.12. Molecular structure of several representative organic donor materials. 
 
 
Recently, researchers have developed a variety of high performance mateirals. Among them, low 
bandgap polymer, poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7-
(2,1,3-benzothiadiazole)] (PCPDTBT) has  broad absorption up to 900 nm.26 Poly[N-9’’-hepta-decanyl-
2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)] (PCDTBT) developed by Leclerc 
et al. 27  and Yu et al. developed promising conjugated polymers, which consist of thieno[3,4-b]-
thiophene (TT) and benzodithiophene (BDT) alternating units.28-31 The synthesis of new materials is 
important points improving the device performance. The keys of polymer design include tuning the 
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energy levels and bandgap engineering for maximizing JSC  and VOC, enhancing the planarity to obtain 
high charge-carrier mobility, and device stability.32, 33 All of these issues are related each other. All 
factors should be optimized in a polymer, but there is a big challenge. The study the relationship 
between polymer design and these parameters has been extraordinarily improved over the past decade. 
The HOMO level of the polymer in a OSC can be effectively lowered by introducing groups that are 
less electron-rich.34, 35 For example, fluorene and carbazole are commonly used in wide bandgap 
polymers because they are less electron-rich than thiophene. By introducing these moieties into a 
polymer donor, VOC can be increased. Cao et al. reported a polymer containing a fluorene unit that 
achieved around 1.0 V of VOC34 and Inganas et al. also reported a polymer composed of fluorene and 
quinoxaline alternating units that reached VOC ≈ 1.0 V.35  
The JSC is another important parameter that affects the performance of OSCs. The most important 
approach for high JSC is to narrow the bandgap (<1.8 eV) to get a wider absorption of the solar 
spectrum.36 Common approaches include utilizing D-A alternating structure, stabilizing the quinoid 
structure, controlling the planarity of polymer chain, and increasing the conjugation length. The D-A 
structure is the most common approach, in which the push–pull driving energy between the donor and 
acceptor materials, with the photoinduced intra-molecular charge transfer, facilitates electron 
delocalization and the formation of low-bandgap quinoid structures in the backbone.37, 38 According to 
molecular orbital theory, electron delocalization results in the hybridization of molecular orbitals, giving 
rise to electron redistribution throughout the interacting orbitals. This provides two types of new 
hybridized orbitals, higher HOMO level and a lower LUMO level, leading to a narrower bandgap. In 
order to optimize molecular design, we should consider many aspects including planarity of polymer, 
intermolecular interactions, crystallinity, molecular stacking, and charge-carrier mobility.  
 
Acceptor 
Developing acceptors is also an important strategy to improve the PCE.39-43 Fullerene (C60) and its 
derivatives are broadly used as electron acceptor materials in OPVs. The solubility of unsubstituted C60 
is quite poor, which limits its application in device fabrication process.  
C60 has symmetric structure and exhibits a good electron mobility, and as known, one molecule of C60 
can receive four electrons. Therefore, C60 and its derivatives can be used as electron accepting materials. 
In 1992, Wudl’s group used C60 as electron acceptor at first and discovered the photoinduced ultrafast 
electron transfer between electron donor and acceptor.10 Even though C60 can be dissolved in 
chlorobenzene (CB) and dichlorobenzene (DCB), it exhibits limited solubility in most of the common 
organic solvents.  Therefore, some substituents were introduced onto fullerene. Hummelen and Wudl 
et al. reported a feasible approach to synthesize PCBM ([6,6]-phenyl-C61-butyric acid methyl ester) in 
1995, the most successful fullerene derivative, which exhibits good photovoltaic properties as electron 
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acceptor material.  In the past decade, PCBM and PC71BM has been dominantly used as acceptors in 
OPVs. In comparison with PCBM, PC71BM shows stronger absorption in visible range, and hence it 
attracted much interest recently. However, C70 is more expensive than C60 due to its purification process. 
The molecular structures of PCBM and PC71BM are shown in Figure 1.13. 44 
 
 
Figure 1.13. Molecular structure of several representative organic acceptor materials. 
 
OPV devices using PC71BM as acceptor will harvest more sunlight, many devices with PC71BM as 
acceptor show bigger Jsc and hence better PCEs than PC60BM using devices. The electrochemical 
properties and energy level of the derivatives is very important for PSCs. The Voc of PSCs is related 
the difference between the LUMO energy level of the fullerene acceptors and the HOMO energy level 
of the polymer donors.45 Therefore, the LUMO energy level of the fullerene derivatives is an important 
parameter for the application of an acceptor to match with a polymer donor. LUMO level of C60 and 
PCBM were 4.2 and-4.0 eV, respectively.46 As discussed, higher LUMO level of acceptor would be to 
get higher VOC, and also to get higher LUMO level, the bisadducts and multiadducts of fullerene are 
also used in OPVs. For example, the LUMO level of bisPCBM is 0.1–0.15 eV higher than that of PCBM, 
and when bisPCBM was used as electron acceptor in P3HT based OPV device, a VOC of 0.72 V was 
recorded, which was 0.12 V higher than the PCBM:P3HTdevices.39 Furthermore, multiadducts can also 
be used in OPVs, and higher VOC of the device can be realized. However, since the substituent of PCBM 
is important transport and the symmetric property of fullerene can be weakened, electron transport 
properties of the bis- or multiadducts were not as good as PCBM. Therefore, PCBM and PC71BM are 
still the best electron acceptors.  
 
 
1.4.2 Morphology control  
In combination of electron donor and acceptor materials in the active layer of a solar cell, and excitons 
created in material can diffuse to the interface and charge separate. The diffusion length of excitons in 
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organic materials is limited to only about ~10 nm due to their short lifetime and low mobility. This 
carries out an important condition to efficient charge generation. In the active layer, the distance to the 
interface should be on the order of the exciton diffusion length. By mixing both donor and acceptor 
materials, junctions throughout the bulk material are created photogenerated exciton led to charge 
transfer. Photogenerated charges migrate to the collecting electrodes through this composite material. 
Because holes are transported by the p-type materials and electrons by the n-type material, they should 
be well mixed into an interpenetrating network. In Figure 1.14 a BHJ solar cell is schematically depicted. 
The BHJ is presently the most widely used photoactive layer for realization of OSC, because the 
interface between two components heterojunction is all over the bulk, in compared to the bilayer 
junction. Control of morphology is not only required for a large charge generating interface and 
suppression of exciton loss, but also to ensure percolation pathways for both electron and hole transport 
to collecti electrodes. 
 
 
Figure 1.14. The bulk-heterojunction model. After absorption of light by the polymer, fast charge 
transfer occurs due to the mixture of the donor and acceptor composite.  
 
After spin coating of the active layer and deposition of the top electrode during fabrication solar cells 
with P3HT:PCBM as an example, applying a temperature higher than the glass transition temperature 
of approximately 120 ~150ºC led to an improved overall efficiency. This post annealing treatment 
enhances the crystallinity of the P3HT and improves the charge carrier mobility. Interestingly, 
the properties of polymer BHJ system are very sensitive to the blend morphology, therefore, 
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morphology study of this system has been well investigated. For example, by using annealing,47 post-
annealing,48 or solvent annealing process,49 slow-growth process,50 additives,26 the morphology can be 
carefully controlled and thus photovoltaic performance can be improved.  
 
1.5. Hybrid Solar cells 
The 3rd generation solar cells were developed to pursue high PCE and low costs for special applications, 
such as tandem cells, light condensed cells, OPV, organic–inorganic hybrid solar cells (HySCs) and so 
on. The low fabrication cost, flexibility and light weight have made them suitable for several special 
applications. HySCs are combined advantages of both organic and inorganic semiconductors such as 
stability, high carrier mobility and compatible fabricating process, and utilize the advantages of organics, 
such as enhanced light absorption at a wide range of wavelengths, adjustable molecular structures for 
energy band alignment, facile solution process, and so on. Similar to the Si p–n junction solar cells, the 
general operating principle of HySCs also involves the following steps: light absorption, exciton 
generation and diffusion, exciton dissociation to carriers at the junction interface and carrier 
transportation and collection, which is schematically shown in Figure 1.15. HySCs have organic 
materials that consist of conjugated polymers that absorb light as the donor or hole transport layer like 
conjugated polymers. [1] Inorganic materials in hybrid cells are usually used as the acceptor 
and electron transporter in the structure. Recent work reported the highest power conversion efficiency 
of a Si hybrid solar cell as 15.3% [ref], which has been increased the research interest into organic–
inorganic hybrid solar cells. The two materials are assembled together in a heterojunction-type 
photoactive layer, which can have a greater power conversion efficiency than a single material. In the 
most HySCs, crystalline Si, randomly dispersed inorganic quantum dots (QDs), nanoparticles (NPs), 
nanocrystals (NCs), or nanowires (NWs) are blended with organic semiconductors to form a p–n 
junction. The exciton diffusion, dissociation and carrier transportation predominantly affect the 
performance of HySCs. Based on the interface configuration of p–n junctions, HySCs have been 
developed by three methods, which are schematically shown in Figure 1.5.1. The deposition of an 
organic film on an inorganic film can instantly form a HySCs, as depicted in Figure 1.15 (a). Inorganic 
QDs, NPs and NWs have been blended with organic semiconductors and HySCs have been fabricated 
by sandwiching the mixture in between two electrodes, as shown in Figure 1.15 (b). The junction 
interface is largely increased and enhanced exciton dissociation can be expected. The main advantage 
of this configuration is the cost-effectiveness and flexibility of the fabrication process. However, dead-
ends and short circuiting of charges could not be avoided in this type of solar cell. In order to further 
enlarge the interface area and benefit carrier transportation, ordered nanostructures were adopted for 
use in HySCs, as in Figure 1.15(c). The introduction of proper interfacial materials or tailoring ligands 
on the QDs and NPs could optimize the optical and electrical properties of the active layer at the 
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interface, and then enhance the performance of HySCs.51 There are a few groups of HySCs based on 
the inorganic part used, such as Si, ZnO, TiO2, II–VI semiconductors, III–V semiconductors and others. 
HySCs based on Si are currently under intensive investigation for their unique advantages compared 
with traditional high temperature p-n junction counterparts: easy fabrication, simple device structure, 
and potentially low cost. The Si and organic materials hybrid structures combining the advantageous 
characteristics of crystalline Si and transparent conductive organics have emerged as promising 
candidates for cost-effective photovoltaics. Of Si-based devices, those fabricated with hydrogenated 
amorphous silicon (a-Si:H) are also attractive  because of thin films of a-Si:H can be fabricated at low 
temperatures, are low cost, and they are compatible with flexible substrates.  Another popular candidate 
is HySCs with crystalline Si and organic materials,most reports on hybrid Si heterojunctions have used 
n-type Si. However, the alternative model, consisting of p-type Si topped with an easily processed n-
type organic materials offers a key advantage. The minority carrier, electron, diffusion length is larger 
in p-type silicon than the minority carrier, hole, diffusion length in n-type Si; meaning that photo-
generated electron hole pairs can be collected further from the p-n junction when p-type Si is used rather 
than n-type Si; this effect leads to lower carrier recombination rates, increased photocurrent collection 
and better device performance. 
 
 
 
Figure 1.15. Scheme of the interface configuration of HySCs (a) bilayer (b) bulk-heterojunction (c) 
nanostructures.  
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Chapter 2. Copolymers Comprising 2,7-Carbazole and Bis-
benzothiadiazole Units for Bulk-heterojunction Solar Cells  
2.1. Research background 
Polymer solar cells (PSC) have been widely studied due to their advantages such as cost-effectiveness, 
tunable light absorption, and solution process.52-54 Significant advances have been made in BHJ solar 
cell devices, with reported PCE reaching 6–7%.30, 55 Over the past decade, a typical BHJ composite 
consisting of P3HT as a donor and PCBM as an acceptor has been most extensively investigated as the 
active layer on solar cell devices.56, 57 P3HT is still one of the most promising donor polymers in PSCs. 
However, P3HT does not provide the best spectral overlap with the solar spectrum and there is 
increasing need to identify new classes of materials with improved PCE in BHJ solar cells. In this 
context, low band gap polymers are of great importance because of their high tendency for absorbing 
visible wavelength photons as well as enhancing the intramolecular charge transfer (ICT), which can 
promote charge carrier mobility.58 Another important strategy toward the improvement of PCE is the 
modulation of the HOMO–LUMO gap in conjugated polymers, which can be achieved by introducing 
suitable electron donor and acceptor functional groups within the molecule.59   Moreover, the D–A 
systems cause partial ICT that enables manipulation of HOMO and LUMO levels, leading to low band 
gap semiconducting polymers with relatively high charge carrier mobilities.60, 61 Tricyclic 2,7-
carbazole62, 63 units (CZs) have emerged as powerful electron-rich building blocks to construct D–A 
copolymers because poly(2,7-carbazole) derivatives with a suite of electron-deficient moieties have 
been shown to have deep-lying HOMO energy levels and good hole-transporting properties, bringing 
high VOC and JSC, respectively.64 Although many electron-deficient comonomers such as quinoline,65 
benzooxadiazole,62 and quinoxaline,66 have been used in D–A copolymers, benzothiadiazole-based 
conjugated copolymers show particularly high PCEs in BHJ composites with fullerene.26 Among D–A 
type polymeric architectures, the ICT can be enhanced by utilizing relatively Abstract: On the basis of 
theoretical considerations of the intramolecular charge transfer (ICT) effect, A series of donor-acceptor 
conjugated polymers based on bis-benzothiadiazole (BBT) are designed. A PPPtype copolymer of 
electron-rich 2,7-carbazole (CZ) and electron-deficient BBT units poly[N-(2-decyltetradecyl)- 2,7-
carbazole-co-7,7’-{4,4’-bis-(2,1,3- benzothiadiazole)}] (PCZ-BBT), a PPV-type copolymer poly[N-(2-
decyltetradecyl)- 2,7-carbazolevinylene-co-7,7’- {4,4’-bis-(2,1,3-benzothiadiazolevinylene)}] (PCZV-
BBTV), and a tercopolymer based on carbazole, thiophene, and BBT poly[N-(2-decyltetradecyl)- 2,7-
(di-2-thienyl)carbazole-co-7,7’-{4,4’- bis-(2,1,3-benzothiadiazole)}]  PDTCZBBT) have been 
synthesized to understand the influence of BBT acceptor structure and linkage on the  photovoltaic 
characteristics of the resulting materials. Both the HOMO and LUMO of the resulting polymers are 
found to be deeper-lying than those of benzothiadiazole- based polymers. The measured 
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electrochemical band gaps (eV) are in the following order: PDTCZBBT (1.65 eV) < PCZV-BBTV (1.69 
eV) < PCZ-BBT (1.75 eV). All the polymers provide a photovoltaic response when blended with a 
fullerene derivative as an electron acceptor. The best cell reaches a power conversion efficiency of 2.07% 
estimated under standard solar light conditions (AM1.5G, 100 mW/cm2). We demonstrate for the first 
time that BBT-based polymers are promising materials for use in BHJ solar cells. stronger electron 
acceptors, for example, thieno [3,4-b]pyrazine,67 [1,2,5] thiadiazolo [3,4g]quinoxaline,67 and pyrazino 
which leads to relatively lower band gap polymers than benzothiadiazole-based D–A polymers. 
However, no improvement of the overall PCEs has been achieved in comparison to the devices from 
benzothiadiazole- based D–A polymers/PCBM. Recently, Janssen et al. have reported the use of various 
copolymers of cyclopentadithiophene with electron-deficient aromatic units for solar cells. Among 
them, the bis-benzothiadiazole (BBT)-based D–A copolymer revealed deeper HOMO energies, 
resulting in increased Voc (0.83 V) and a PCE of up to 2.0%.  However, this has been the sole report 
on the use of BBT-based polymers for electronic applications, probably in part due to the limited 
solubility of the polymers obtained through copolymerization of BBT with other aromatics. Taking all 
of these results into account, we focused on the design of a family of soluble organic semiconducting 
D–A copolymers derived from BBT (acceptor moiety) and CZ (donor moiety), which most likely 
induces a synergistic effect in properties that can potentially lead to improved photovoltaic performance 
in devices. Owing to the strong rigidity of both the 2,7-carbazole and BBT units, the resulting polymers 
are likely to exhibit poor solubility in organic solvents. To circumvent this problem, bulky side chains 
have to be attached onto the main polymer backbone. The specific new conjugated polymers we have 
synthesized and investigated are shown in Figure 2.1: poly[N-(2-decyltetradecyl)- 2,7-carbazole-co-
7,7’-{4,4’-bis-(2,1,3-benzothiadiazole)}] (PCZ-BBT), poly[N-(2-decyltetradecyl)-2,7-
carbazolevinylene- co-7,7’-{4,4’-bis-(2,1,3-benzothiadiazolevinylene)}] (PCZV-BBTV), and poly[N-
(2-decyltetradecyl)-2,7-(di-2-thienyl)carbazole-co-7,7’-{4,4’-bis-(2,1,3-benzothiadiazole)}] (PDTCZ-
BBT) by appropriate copolymerization. Cyclic voltammetry and optical absorption studies were 
employed to correlate the structure to the measured properties. Moreover, we report on their OFETs as 
well as photovoltaic performance together in combination with fullerene derivative.  
 
 
Figure 2.1. Chemical structures of bis-benzothiadiazole-based copolymers. 
2.2. Experimental 
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Photovoltaic cells fabrication and testing: PSC devices were fabricated according to the following 
procedure: First, the ITO-coated glass substrate was cleaned with detergent, then ultrasonicated in 
distilled water, acetone, and isopropyl alcohol, and then dried overnight in an oven at 100°C. Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (Baytron PH) was spin-cast at 4000 
rpm for 40 s. The substrate was then dried for 10 min at 140 °C in air. Subsequently, it was moved into 
a glove box for spin-coating the active layer. A mixed solution of PCZ-BBT: PC71BM, PCZV-BBTV: 
PC71BM or PDTCZ-BBT:PC71BM in DCB was then spin coated at 1000 rpm for 60 s on top of the 
PEDOT:PSS layer to obtain a BHJ film. Those samples were transferred into a vacuum system (about 
10-7 Torr), and an Al electrode (100 nm) was deposited on top of the BHJ layer. Typical devices were 
thermally annealed in a petri dish. Thermal annealing was carried out by directly placing the completed 
devices on a digitally controlled hot plate at various temperatures, in a glove-box filled with nitrogen 
gas, and, after annealing, the devices were put on a metal plate and cooled to room temperature. 
Measurements were carried out with the solar cells inside the glove box by using a high quality optical 
fiber to guide the light from the solar simulator equipped with a Keithley 2635 A source. The solar cell 
devices were illuminated at an intensity of 100 mW/cm2. For more accurate information the incident 
photon-to-current efficiency (IPCE) measurements were carried out with QEX7. OFET device 
preparation and measurement: All p-type OFETs were fabricated on heavily doped n-type Si wafers 
each covered with a thermally grown SiO2 layer with a thickness of 200 nm. The doped Si wafer acts 
as a gate electrode, and the SiO2 layer functions as the gate insulator. The active layer was deposited by 
spin casting at 2500 rpm. All solutions were prepared at a concentration of 0.5 wt% in chlorobenzene. 
The thickness of the deposited films was about 60 nm. Prior to vapor deposition of the source–drain 
electrodes, the films were dried on a hot plate stabilized at 80°C for 30 min. All fabrication processes 
were carried out in a glove box filled with nitrogen. Source and drain electrodes using Au were 
deposited by thermal evaporation using a shadow mask. The thickness of the source and drain electrodes 
was 50 nm. The channel length and channel width were 50 mm and 1.5 mm, respectively. Electrical 
characterization was performed by using a Keithley semiconductor parametric analyzer (Keithley 4200) 
under an N2 atmosphere.  
 
2.3. Results and Discussion  
Molecular mass (Mn) of 8.0 kDa, 6.5 kDa, and 3.2 kDa, for PCZ-BBT, PCZV-BBTV, and PDTCZ-
BBT, respectively with a polydispersity (PDI) of 2.83, 2.69, and 1.15. Thanks to the bulky solubilizing 
group, all the polymers show good solubility in organic solvents (e.g., THF, toluene, chloroform, DCB). 
However, the reason for the observed low molecular weight is likely the result of the poor solubility of 
the BBT monomer and/or a reduced stability of the intermediate palladium complexes involving BBT 
units. A microwave-facilitated synthesis and in situ mediated Pd methodology by utilizing [Pd2 
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(dba)3]/PPh3  (dba=dibenzylideneacetone) as catalyst under various solvents is currently underway to 
improve the molecular masses of the resulting polymers.  
 
 
Figure 2.2. UV/Vis absorption spectra of the bis-benzothiadiazole-based copolymers a) in 
chlorobenzene solution and b) as thin films. 
 
Optical properties: The UV/Vis absorption properties of PCZ-BBT, PCZV-BBTV, and PDTCZ-BBT 
were investigated in chlorobenzene solution and in thin films as shown in Figure 2.2. All polymers 
show the high-energy peaks (λmax 320 nm) stemming from the p–p* transition of the carbazole moiety, 
whereas the broad lower energy bands centered around 450–550 nm are ascribed to the ICT between 
the CZ units as electron donors and the BBT segments as electron acceptors. These main absorption 
peaks of all polymers (PCZ-BBT, PCZVBBTV, and PDTCZ-BBT) are slightly bathochromically 
shifted in films as compared to solution. In the case of PCZV-BBTV, an ICT band is seen in the 500–
520 nm range as a shoulder or weak band, most likely due to the random distribution of BBT (acceptor) 
and CZ (donor) units on copolymerization with vinylene units. PDTCZ-BBT displays an absorption 
band strongly redshifted by approximately 100 nm, when compared to PCZBBT and PCZV-BBTV, 
indicating the occurrence of effective ICT between the donor and acceptor blocks. More interestingly, 
the more pronounced ICT leads to the unexpected broad absorption that ranges from 350 nm to 600 nm 
with near uniform intensity. The optical band gaps estimated from the onsets for PCZ-BBT, PCZV-
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BBTV, and PDTCZBBT are 2.11, 1.99, and 1.82 eV, respectively. These results imply that the adjacent 
thiophenes around the CZ unit lead to a smaller band gap due to strong ICT.  
Electrochemical properties: The redox behaviors of PCZBBT, PCZV-BBTV, and PDTCZ-BBT films 
were investigated by cyclic voltammetry using a platinum electrode in an acetonitrile solution 
containing 0.1 molL-1 Bu4NClO4 under a scan rate of 50 mVs-1 (Figure 2.3a) The electrochemical 
HOMO–LUMO energy gap was determined as the difference between the onsets of the oxidation and 
reduction potentials (Egelec=Eoxonset_Eredonset).  Ionization potential (IP) and electron affinity (EA) 
energies were estimated from the onset potential for oxidation and reduction, respectively, and 
calibrated against the oxidation potential of Fc/Fc+ (4.8 eV below the vacuum level). The HOMO values 
of PCZ-BBT, PCZV-BBTV, and PDTCZ-BBT were  calculated to be  5.42, 5.47, and 5.42 eV and the 
LUMO values were calculated to be 3.66, 3.78, and 3.76, respectively (see the energy level diagram in 
Figure 2.3b.  All polymers showed similar behavior during both the p- and n-doping process. The 
HOMO levels of all polymers are not only in an ideal range to assure better air stability and greater 
attainable VOC in the final device,68 but also the LUMOs are positioned 0.5–0.6 eV above the LUMO of 
the PC71BM acceptor (4.3 eV) to ensure energetically favorable electron transfer. Among them, 
PDTCZ-BBT shows the smallest band gap of 1.66 eV. For PDTCZ-BBT the reduction potential is 
slightly less than that for the analogous carbazolebased copolymer PCDTBT containing one BT as an 
electron- accepting heteroaromatic unit with the same electronrich blocks (both carbazole and thiophene) 
(HOMO= 5.5 eV and LUMO=3.6 eV), showing that the BBT electron-deficient units lead to better 
accepting properties compared to single-BT but that the effect is small because of the steric hindrance 
between the two BT units. From a basic electronic point of view of the band gap, the incorporation of 
BBT is anticipated to tune only the LUMO in comparison to PCDTBT, however, it is worth noting that 
BBT in the polymers has a slight influence on the HOMO level as well. Although the electrochemical 
gaps (Egelec) of the polymers follow the same trend as the optical gaps (Eg opt), a slight difference is 
revealed.  
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Figure 2.3. (a) Cyclic voltammograms of the bis-benzothiadiazole-based copolymers in thin films on 
a Pt electrode in 0.1 mol/L Bu4NClO4/acetonitrile solution at room temperature and (b)Energy level 
diagram of PCZBBT, PCZV-BBTV, and PDTCZ-BBT and PCBM.  
 
A rationale for such differences is that for determining the oxidation and reduction potentials obtained 
from the CV, electrons are extracted or added, whereas the Eg opt value provides the energetic 
difference for an intramolecular excitonic state, with the hole and electron stabilized by Coulombic 
attraction. Taking the HOMO and LUMO levels of the polymers, it is possible to make some prediction 
with respect to the maximum attainable efficiencies using the Konarka efficiency map for single layer 
BHJ solar cells that comprise a donor with a variable band gap in conjunction with an acceptor with a 
variable LUMO.69 The estimated values are 7.3%, 8.2%, and 8.1% for PCZ-BBT, PCZV-BBTV, and 
PDTCZBBT, respectively, indicating promising materials for photovoltaics considering their frontier 
orbital energies. These theoretical values are much higher than that of PCDTBT (6.5%).70 
 
Device properties: BHJ solar cell devices with the structure ITO/PEDOT:PSS (40 
nm)/copolymer:PC71BM/Al were fabricated and characterized. Since the blend ratio is an important 
factor influencing device performance, we have carefully controlled the blend ratio of the active layers 
over a very broad range from 1:1 to 1:4 (w/w) of polymer:PC71BM in DCB solution. The weight ratio 
of the active Figure 1. UV/Vis absorption spectra of the bis-benzothiadiazole-based copolymers a) in 
chlorobenzene solution and b) as thin films layers having the best performance is 1:3 for both PCZBBT: 
PC71BM and PCZV-BBTV:PC71BM, whereas the device with 1:2 (w/w) of PDTCZ-BBT:PC71BM 
shows optimal performance. We also tested different thermal annealing conditions for the fabricated 
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devices. The optimal results are obtained by carrying out the thermal treatment at 120°C for 5 min, after 
deposition of the Al electrode (ca. 2x10-6 Torr).  
 
 
Figure 2.4. Current density–voltage (J–V) characteristics of polymers:PCBM blend films under 100 
mW/cm2 AM1.5G illumination (a) and IPCE spectra of the polymers: PCBM (b), respectively. 
 
Figure 2.4 shows the J–V curves and IPCE for solar cells under simulated 1 sun AM 1.5 G radiation 
(100 mW/cm2), and the photovoltaic properties are summarized in Table 2.1. The device performance 
of the two polymers (PCZ-BBT and PCZV-BBTV) reveals close similarities for the J–V characteristics.  
The PCEs of 0.42%, 0.46%, and 2.07% are achieved and the IPCE exhibits values up to 17.9%, 16.8%, 
and 26% for PCZ-BBT-, PCZV-BBTV-, and PDTCZ-BBT based cells, respectively. Among these 
polymers, the PCE of PDTCZ-BBT:PC71BM shows the highest value, which is primarily attributable 
to a remarkable increase in JSC since the VOC and FF of the three polymers are comparable. As expected 
from the oxidation potentials, the VOC (0.66 eV) for the cell with PDTCZ-BBT is somewhat lower than 
that of the analogous polymer PCDTBT (0.88 eV).  
 
Table 2.1. Characteristics of bulk-heterojunction solar cells. 
Active layer 
(w/w) 
JSC 
(mA/cm2) 
VOC 
(V) 
FF 
PCE 
(%) 
PCZ-BBT:PC71BM 2.24 0.62 0.30 0.42 
PCZV-BBTV: PC71BM 2.29 0.54 0.37 0.46 
PDTCZ-BBT: PC71BM 7.16 0.66 0.44 2.07 
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Figure 2.5. AFM images of PDTCZ-BBT:PCBM spin coated from DCB.  
 
In Figure 2.5, the AFM images of the PDTCZ-BBT with PC71BM are shown.  The blend exhibits a 
rather uniform and smooth film formation, which suggests the absence of large features that reduce the 
interface between the polymer and fullerene potentially limiting device performance.71  
The relatively superior performance of the PDTCZBBT: PC71BM device can be attributed to the 
following factors: two neighboring electron-rich thiophene units on the carbazole core makes the system 
a better donor than that obtained with a carbazole unit alone, leading to enhanced ICT. This notion is 
supported by the pronounced bathochromic shift of the observed ICT band. Additionally, the 
unsubstituted thiophene unit acts as a p-conjugated spacer in the main backbone, minimizing steric 
effects on conjugation, which may facilitate improved charge carrier mobility. To confirm this 
assumption, we evaluated the field-effect transistors (FETs) of all polymers based on the top contact 
geometry. Both PCZBBT and PCZV-BBTV did not show FET characteristics, whereas PDTCZ-BBT 
exhibits clean, typical p-type transistor performance. This implies that the PDTCZ-BBT system offers 
better crystalline perfection than both PCZ-BBT and PCZV-BBTV, due to the conjugated thiophene 
spacers. The output and transfer characteristics of PDTCZ-BBT FET are shown in Figure 2.6. A 
saturation region mobility of 1.13x10-4 cm2V-1s-1 is obtained.  
Despite the high potential efficiencies (7–8%) for these polymers based on the Konarka model as 
discussed above, the best performance actually observed in the PDTCZBBT:PC71BM device is 
significantly less than that of the highly optimized PCDTBT cell (ca. 6%). However, the preliminary 
result from the PDTCZ-BBT-based cell is comparable with the reported initial PCE of PCDTBT (3.6%) 
by Leclerc and co-workers.72 Even though we cannot speculate on the special reasons for the low 
efficiency for PDTCZ-BBT in the BHJ solar cell when compared to PCDTBT, it is clear that the genetic 
character of the low molecular weight for PDTCZ-BBT (Mn=3.2 kDa) seems to limit the performance 
since low molecular weight has an impact on the film mechanical properties, the interface resistance, 
and the nanoscale morphology, resulting in a low VOC value and a low FF. Besides, one cannot exclude 
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that the unsymmetric branched solubilizers (decyltetradecyl side chains) on the carbazole units lead to 
an undesirable nanomorphology at the blend interface. We are currently preparing PDTCZ-BBT with 
improved molecular weight as well as symmetric branched solubilizing groups by new synthetic 
strategies, which would provide better structural organization and higher molecular weight and, 
hopefully, substantial enhancement in device performance.  
 
 
Figure 2.6. Transfer (a) and output (b) characteristics of a PDTCZ-BBT field-effect transistor (L=50 
mm, W=1.5 mm) processed from chlorobenzene. 
 
2.4. Conclusion 
In summary, for further narrowing the bandgap of the well-known PCDTBT without sacrificing its 
structural advantage, we have used the 2,1,3-naphthothiadiazole (NT) unit in place of 2,1,3-
benzothiadiazole (BT) in the polymer backbone, yielding a poly(2,7-carbazole-alt-4,7-dithienyl-2,1,3-
naphthothiadiazole) (PCDTNT). The polymer PCDTNT simultaneously possesses an excellent 
solubility for solution-processability and a low bandgap (1.71 eV) with suitable position of HOMO–
LUMO energy levels. Despite a high VOC (0.81 V) on the photovoltaic performance of PCDTNT-based 
BHJ solar cells, a significantly lower FF leads to an overall low efficiency. Taking its deep-lying 
HOMO and low bandgap into account, there is still plenty of room to establish better efficiencies of 
BHJ PSCs. We highlight that this work opens a door to the applications of NT-based polymers in BHJ 
PSCs. 73 
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Chapter 3. Synthesis of PCDTBT-Based Fluorinated Polymers for High 
Open-Circuit Voltage in Organic Photovoltaics: Further Understanding 
Relationships between Polymer Energy Levels Engineering and Ideal 
Morphology  
 
3.1. Research background 
Rapid and drastic advances in the performance of polymer-based BHJ solar cells brighten the vision of 
organic photovoltaics for flexible, light-weight, and low-cost electronic devices in the offing by means 
of printing technologies.45, 74-79 It is well-known that the intrinsic properties of semiconducting polymers 
play determining roles in the overall performances of polymer BHJ solar cells. Thereby, research 
activities on new materials development have been almost exclusively focused on creating low bandgap 
polymers via donor-acceptor approach, so as to harvest more sunlight, which leads to higher JSC.76, 80-86 
However, a major drawback in lowering the bandgap of polymers is the moderate VOC, caused by their 
shallow HOMO energy levels.  
In this regard, poly(2,7-carbazole-alt-dithienylbenzothiadiazole) (PCDTBT, see Figure 3.1) is a 
superior example for a deep HOMO (-5.50 eV) as required by the ‘ideal’ -conjugated polymers, which 
is a crucial prerequisite to achieve a high VOC and outstanding stability against oxidation.85, 87-90 
Nevertheless, as reported, the inherent disadvantages of PCDTBT, such as slightly limited absorption 
range and relatively low carrier mobility led to the mediocre JSC.85, 87-90 
In attempts to further optimize its light-harvesting and charge-transporting ability, we recently 
reported various PCDTBT-based structural derivatives, such as ladder-type PCDTBT91 and 
naphthothiadiazole and selenophene analogues of PCDTBT,92, 93 respectively (the structures shown in 
Figure 3.1). However, even in the successful demonstration regarding the extended absorption with 
deep-lying HOMOs, the resulting polymers did not yield devices with correspondingly high 
performances. This is likely due to the lack of either well-defined macroscopic state of matter (solubility, 
molecular weight, polydispersity, and end caps) or building in ideal morphology for a given 
polymer/fullerene system. 
Recently, the introduction of fluorine (F) atoms onto conjugated polymer backbone has been proven 
to be an effective way to enhance the efficiency of BHJ solar cells.94-104 The cause for this observation 
generally accounts for the lowering of the polymer HOMO energy level as well as the possible 
formation of the secondary bonding (e.g. C–F···H, and F···S, and C–F···F) through inter- or 
intramolecular interactions. However, the improved efficiencies of the fluorinated polymers over those 
of their nonfluorinated analogue polymer-based devices are not very clear and are still under 
investigation.94, 95, 99, 100, 102-106  
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In this research, as another challenge for finding the success of molecular modification to PCDTBT 
backbone, we have firstly synthesized a series of its fluorinated analogues (PCDTFBT and PCDT2FBT) 
as shown in Figure 1, not only to investigate the effects of fluorination on the properties of PCDTBT 
but also to further uncover the underlying working principles of F atoms on each of the three 
photovoltaic parameters (VOC, JSC, and fill factor (FF)). 
 
 
Figure 3.1. Chemical structures of (a) PCDTBT-based polymeric semiconductors studied by our 
research group and PCDTBT shown on the top/left and (b) novel fluorinated analogues of PCDTBT 
(PCDTFBT and PCDT2FBT) in the present study. Rsc = solubilizing alkyl chain. 
 
3.2. Experimental 
Materials and general characterization methods: All chemicals and solvents were purchased from 
Aldrich and Acros chemical companies and used as received without further purification. THF was 
distilled over sodium/benzophenone. 4-Fluoro-1,2-phenyldiamine and 4,5-difluoro-1,2-phenyldiamine 
were purchased from Alfa Aesar and TCI chemical incorporation, respectively. 2,7-bis(4′,4′,5′,5′-
tetramethyl-1′,3′,2′-dioxaborolan-2′-yl)-N-9″-heptadecanylcarbazole (5) was prepared according to 
reported procedures.90 1H, 13C and 19F NMR were recorded on Varian VNRS 600 MHz 
spectrophotometer using the deuterated chloroform (CDCl3) or tetrachloroethane (CDCl2CDCl2) with 
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TMS as an internal standard. Elemental analyses of carbon, hydrogen and sulfur were carried out with 
Flesh 2000 elemental analyzer and mass spectra were measured with a Varian 450-GC & 320-MS. 
Thermogravimetric analysis (TGA) was performed using Q200 from TA instrument on heating rate of 
10 °C min-1 in N2 atmosphere. To investigate molecular weight and polydispersity index (PDI) of the 
new polymers, gel permeation chromatography (GPC) was carried out with Agilent 1200 series and 
mini DAWN TREOS using THF as solvent against PS as a standard. UV-Vis absorption spectra were 
recorded on a Varian Carry 5000 spectrophotometer at room temperature. The electrochemical data was 
obtained from VersaSTAT3 Princeton Applied Research Potentiostat in a three-electrode cell system 
using 0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6) in acetonitrile as the electrolyte. 
AFM measurements were performed using a Digital Instruments dimension atomic force microscope 
controlled by a Nanoscope scanning probe microscope controller. XRD analysis for all of the films was 
performed with a Bruker D8 Advance high resolution X-ray diffractometer. 
Fabrication of field-effect transistors: Highly doped n+-Si wafers were used as substrates, and a 
layer of 200 nm of silicon dioxide (SiO2: grown by thermal oxidation) was used as the gate dielectric 
layer. Au (60 nm) was successively evaporated with shadow mask to obtain source and drain electrodes. 
The interdigitated structure of the source–drain contacts determined a channel length of 50 μm and a 
channel width of 2950 μm. Substrates were cleaned by acetone, isopropanol and dried at 100 °C oven 
for 20 min, and treated with octadecyltrichlorosilane (OTS) at room temperature for over 12 hrs to treat 
the surface. Organic semiconductor layers (60 nm) were deposited by spin-coating at 2000 rpm. All 
fabrication processes were carried out in a glove box filled with N2. Electrical characterization was 
performed using a Keithley semiconductor parametric analyzer (Keithley 4200-SCS) under N2 
atmosphere. The electron mobility (μ) was determined using the following equation in the saturation 
regime; Ids = (WCi/2L)×μ×(Vgs−VT)
2, where Ci is the capacitance per unit area of the SiO2 dielectric (Ci 
= 15 nF/cm2), VT is the threshold voltage. 
Fabrication of BHJ solar cells: PCS devices were fabricated according to the following procedure. 
First, the ITO coated glass substrate was cleaned with detergent, then ultra-sonicated in distilled water, 
acetone and isopropyl alcohol, and then dried overnight in an oven at 100 °C. PEDOT:PSS was spin-
cast at 4000 rpm for 40 s. The substrate was then dried for 10 min at 140 °C in air. Subsequently, it was 
moved into a glove box for spin-coating the active layer. The mixed solution of PCDTFBT:PC71BM 
(from 1:1 to 1:4 (w/w)) and PCDT2FBT:PC71BM (from 1:1 to 1:4 (w/w)) in chlorobenzene (CB) were 
then spin-coated at 1500 rpm for 60 s on top of the PEDOT:PSS layer to obtain a BHJ film, respectively. 
Those samples were brought into a vacuum system (~ 10-7 Torr), and an Al electrode (100 nm) was 
deposited on top of the each BHJ layer. Typical devices were thermally annealed for 10 min at 120, 140 
and 150°C, gradually. In addition, the device structures of the hole and electron only devices are 
ITO/PEDOT:PSS/(PCDTFBT or PCDT2FBT):PC71BM/Au and FTO/(PCDTFBT or 
PCDT2FBT):PC71BM/Al, respectively. Typical devices were thermally annealed. The samples were 
not exposed to ambient air after being loaded into the glove box. The solar cell devices were illuminated 
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at an intensity of 100 mW/cm2. For more accurate information, the IPCE measurements were carried 
out with QEX7. The space-charge-limited current (SCLC) mobilities were estimated the Mott-Gurney 
square law JSCLC = 9/8×εrε0×μ(V2/L3), where εr is the dielectric constant of the material, ε0 is the 
permittivity of free space, L is the distance between the cathode and anode, which is equivalent to the 
film thickness, and V is the applied voltage. 
 
3.3. Result and Discussion 
3.3.1. Optical and electrochemical properties 
Figure 3.2a and b show the UV-Vis absorption spectra of PCDTFBT and PCDT2FBT in 
chlorobenzene (CB) solution and as thin films, respectively. Both the polymers exhibit two distinct 
absorption bands; a one at the high-energy region (270~400 nm), originating from the localized π-π* 
transition and a relatively broader one at the low-energy region (420~610 nm) induced by a typical 
intramolecular charge-transfer (ICT), as typically observed in D–A polymers including nonfluorinated 
analogous PCDTBT.90  
Going from solution to the solid state, both the polymers have nearly identical features in their high-
energy bands, while the low-energy bands are bathochromically shifted, implying the increased -
stacking form as well as electronic interactions in the solid state.84, 107 Notably, introducing more F 
atoms on the polymer backbone makes the maxima (max) of the polymers blue-shifted, that is, max 
value of the PCDT2FBT film is 13 nm blue-shift from that of PCDTFBT. A similar effect was reported 
in fluorine-substituted oligomers and polymers.99, 101, 104, 108 The spectroscopic data of the polymers are 
summarized in Table 3.1, where the optical bandgap (Egopt) of the two polymers was determined from 
the onset of absorption (onset). It is worth noting that despite the difference observed in max values of 
the two polymers, the onset values are almost unchanged, resulting in the same optical bands of 1.82 eV 
that is relatively lower than that of the nonfluorinated PCDTBT (1.88 eV). This can be partly attributed 
to a change in the polymer chain packing via the additional non-covalent interactions with a greater 
number of F atoms. 
Figure 3.2c shows cyclic voltammogram (CV) of the polymer thin films in acetonitrile and the CV 
data are summarized in Table 3.1. The details for the measurements are given in Experimental section. 
The CV curves of both PCDTFBT and PCDT2FBT cast films reveal quasi-reversible oxidation and 
reversible reduction behaviors. The HOMOs for PCDTFBT and PCDT2FBT are estimated to be -5.54 
and -5.67 eV based on their onset redox potentials, respectively and both are lower in energy than those 
of PCDTBT (-5.5 eV). These results are in agreement with the previous reports that fluorination leads 
to the lowering of the polymer HOMO level.101, 104, 109 Thereby, both the polymers are expected to impart 
better air stability as well as a higher VOC in BHJ solar cells than that of the PCDTBT-based devices. 
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Figure 3.2. (a) Solutions and (b) thin films absorbance spectra of PCDTFBT and PCDT2FBT, (c) cyclic 
voltammogramms of the fluorinated polymer thin films on Pt electrodes in 0.1 M Bu4NPF6/CH3CN at 
a scan rate of 50 mV s-1, and (d) energy level diagrams of PCDTFBT and PCDT2FBT relative to the 
reported PCDTBT in the solution-processed conventional BHJ devices. 
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Table 3.1. Optical and Electrochemical Properties of the Polymers 
polymer 
𝛌𝐦𝐚𝐱
𝐬𝐨𝐥𝐧 
(nm) 
𝛌𝐦𝐚𝐱
𝐟𝐢𝐥𝐦 
(nm) 
𝐄𝐠
𝐨𝐩𝐭 
(eV) 
HOMO 
(eV) 
LUMO 
(eV) 
𝐄𝐠
𝐞𝐥𝐞𝐜 
(eV) 
PCDTFBT 382,535 395,573 1.82 -5.54 -3.71 1.83 
PCD2FBT 378,522 392,560 1.82 -5.67 -3.83 1.84 
 
When comparing singly- versus doubly-fluorinated polymers, accompanied with the further decrease 
on the HOMO observed by increasing the number of F atoms, PCDT2FBT yields LUMO energy levels 
at 0.12 eV lower than the PCDTFBT (-3.71 eV), resulting in a similar electrochemical bandgap (~1.83 
eV). The estimated electrochemical bandgaps coincide well with the optical bandgaps measured for 
these polymers. In addition, the energy level positions of PCDTFBT and PCDT2FBT in BHJ solar cells 
together with those of PCDTBT are illustrated as shown in Figure 3.2d. 
 
3.3.2. Organic thin-film transistors (OTFTs) characteristics 
To test the charge-carrier transport capability of PCDTFBT and PCDT2FBT, typical bottom-
gate/top-contact organic thin-film transistors (OTFTs) were fabricated by solution-processed spin-
coating method. Figure 3.3 exhibits the output and transfer curves of the OTFTs tested with PCDTFBT 
and PCDT2FBT, showing typical p-type semiconductor behaviors. The hole mobilities were estimated 
from the slope of drain-to-source current |Ids|1/2 as a function of the gate voltage (Vgs) in the saturation 
regime. The PCDTFBT and PCDT2FBT-based OTFTs show the hole mobilities of 3.03 (±1.5)×10-4 
cm2V-1s-1 and 9.50 (±2.6)×10-5 cm2V-1s-1, threshold voltages (VTh) of -20.85 V and -30.28 V, and on/off 
current ratios (Ion/Ioff) of 8.60×102 and 2.25×102, respectively. 
 
 
Figure 3.3. a, b) Transfer curves in the saturated regime and c, d) output characteristics for each 
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OFET device (L = 50 μm, W = 2950 μm) based on PCDTFBT and PCDT2FBT, respectively. Insert: 
Schematic device configuration. 
 
To propose a possible explanation for the superior OTFTs performance of PCDTFBT, as compared 
to PCDT2FBT. However, in the current context, it seems to be premature for a correlation between 
mobility and ge, where ge is the overall change in the ground and excited state dipole determined 
by accounting for the changes of the dipole along each coordinate axis.110, 111 To certainly shed light on 
the validity of this relationship, perhaps more experimental evidence and detailed theoretical 
calculations in various polymers remain as the subject of future study. 
 
3.3.3. BHJ solar cells performance 
Photovoltaic effects of PCDTFBT and PCDT2FBT were investigated in BHJ solar cells with the 
conventional device configuration of glass/ITO/PEDOT:PSS/polymer:PC71BM/Al. The blend ratios 
(w/w) of polymer and PC71BM were controlled from 1:1 to 1:4. To find a best condition, the 
photovoltaic properties were systematically screened in different solvents, concentrations, additives, 
and spin-coating speeds. Among such various conditions, the device performance was optimized when 
the blend was spin-coated with a ratio of 1:4 (w/w) by chlorobenzene (CB). The performances of both 
the polymers-based devices are considerably improved as a result of thermal annealing protocols. This 
is in contrast to PCDTBT:PC71BM system, in which thermal annealing reduced the photovoltaic 
parameters.85, 112 
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Figure 3.4. (a) Current density−voltage (J−V) characteristics and (b)IPCE of conventional devices with 
the blends of PCDTFBT:PC71BM and PCDT2FBT:PC71BM (1:4 w/w). (c) J−V characteristics in the 
dark for the blends of PCDTFBT:PC71BM and PCDT2FBT:PC71BM (1:4 w/w). 
 
Figure 3.4a shows current density-voltage (J–V) curves of photovoltaic devices based on PCDTFBT 
and PCDT2FBT, respectively under AM 1.5 G illumination from a calibrated solar simulator with 
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irradiation intensity of 100 mW/cm2and the parameters are listed in Table 3.2. In the pristine cells, the 
PCEs of both the PCDTFBT- and PCDT2FBT-containing devices (PCE = 1.29~1.95 %) are limited by 
the unoptimized interpenetrating polymer/fullerene network. Upon optimization of the active layer 
morphology via the thermal annealing at 150 ˚C, PCDTFBT-based device exhibits the PCE of up to 
3.96 %, with a JSC of 9.04 mAcm-2, a VOC of 0.95 V, and a FF of 0.46. Although the performance of 
PCDTFBT-based device is somewhat lower than that from the reference cell based on 
PCDTBT:PC71BM for the sake of comparison the higher VOC value (0.95 V) of PCDTFBT as compared 
with PCDTBT (0.74 V) agrees with a lower-lying HOMO level. Furthermore, this VOC value is nearly 
equaled the highest VOC values for PCDTBT-based PSCs reported to date.113-115  
 
Table 3.2 Photovoltaic performances of PSCs based on PCDTFBT with various solvent 
additives. 
Active layer Additive 
Thermal 
treatment 
JSC 
(mA/cm2) 
VOC 
(V) 
FF PCE 
(%) 
PCDTFBT:PCBM 
(1:4) 
DIO 
- 6.84 0.70 0.31 1.48 
120 7.60 0.88 0.35 2.31 
140 8.23 0.91 0.37 2.80 
BDT 
- 3.28 0.83 0.43 1.21 
120 3.01 0.92 0.41 1.17 
140 2.80 0.85 0.38 0.94 
CN 
- 1.73 0.33 0.26 0.16 
120 1.83 0.60 0.33 0.38 
140 2.00 0.81 0.31 0.52 
ODT 
- 3.86 0.87 0.44 1.34 
120 4.51 0.93 0.40 1.69 
140 5.25 0.88 0.45 2.08 
DPE 
100 6.86 0.87 0.40 2.38 
120 7.14 0.90 0.40 2.55 
150-10 8.94 0.84 0.52 3.88 
 
In order to further explore their devices performance, the effects of various solvent additives (1,8-
diiodooctane (DIO), 1,4-butanedithiol (BDT), 1-chloronaphthalene (CN), 1,8-octanedithiol(ODT), 
diphenyl ether (DPE)) on the PCDTFBT:PC71BM (1:4 (w/w)) as well as polar solvent treatments 
(methanol and ethanol) were investigated (see Table 3.2).  In addition, considering the fact that for a 
given polymer structure, batch-to-batch variations in solubility, molecular weight, polydispersity and 
purity could lead to different processing properties and performance, we prepared various polymeric 
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fractions through diverse strategies. Interestingly, among the various attempts aforementioned, we find 
adding 2 % (v/v) DPE into the chlorobenzene solution of PCDTFBT:PC71BM prior to spin coating, the 
PCE dramatically increased up to 4.29 % (Figure 3.5).  
 
 
Figure 3.5. J−V characteristics of the device based on PCDTFBT:PC71BM blend with DPE (2% 
(v/v)) as an additive. 
 
We measured the J–V curves in the dark to characterize the relation between the diode (reverse bias) 
saturation current density (J0) and the VOC using the devices based on PCDTFBT:PC71BM and 
PCDT2FBT:PC71BM, respectively. The J0, extracted from the intercept on the vertical axis from the 
logarithmic current curve with respect to voltage (Figure 3.4c), falls from around 10-3 to 10-4 mAcm-2 
with decreasing the number of fluorine atoms. Taking into account the following equation116; VOC = nif 
kBT/q [ln ((JSC / J0) + 1)] (3.1), where J0 is the dark saturation current density, kB is the Boltzmann 
constant, T is the temperature, and nif is the ideality factor.117, 118 The nif was calculated to be 2.20 for 
the PCDTFBT:PC71BM device and 2.18 for the PCDT2FBT:PC71BM device, respectively, from the 
slope of J–V curves under dark condition in the space-charge-limited regime (see Figure 3.6) using the 
following equation: nif = [(kBT/q) × (∂lnJ/∂V)]-1.119, 120 Typical value of nif is 2 (or less)121 and the nif of 
PCDTBT has been reported to be around 2.122 The estimated nif (with larger than 2 relative to PCDTBT) 
in our fluorinated PCDTBT-based devices could be deduced due to the optimized film thickness effect 
of active layer.123 In addition, PCDTFBT-based device shows the lower J0 value, leading to the higher 
VOC value than PCDT2FBT-based device. 
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Figure 3.6. Dark J–V characteristics of PCDTFBT:PC71BM, and PCDT2FBT:PC71BM solar cells. 
 
The PCE with the limited VOC of PCDT2FBT-based BHJ cells is still puzzling, however this suggests 
that other factors caused by inadequate morphology between D and A components beyond the 
contributor based solely on energy levels of HOMO and LUMO can be involved in the overall PCEs. 
A plausible explanation is that a formation of aggressive PCDT2FBT crystallinity via the sufficient 
driving force for C–F···H, and F···S, and C–F···F interactions as well as the fluorophobicity effect99 
for fullerene molecules is detrimental to the morphology quality in BHJ system, leading to a reduced 
shunt resistance124, 125 and increased bimolecular recombinations.126-129 One can conclude that there is 
still a lot to be done to determine a clearer structure-property relationship regarding the device 
parameters. 
To further verify the accuracy of the measurement, IPCE spectra were measured for the 
corresponding best devices. As depicted in Figure 3.4b, both the polymers show IPCE contributions at 
wavelengths in the range from 300 nm to 700 nm. PCDTFBT shows relatively higher photoconversion 
efficiencies of ~60 % than those of PCDT2FBT (~40 %) throughout their absorption ranges. The 
integrated JSC from IPCE data agrees well with the data from J–V curves. Almost quenched 
photoluminescence (PL) data for both polymer in polymer:PC71BM blends indicated that not only does 
the efficient photoinduced charge transfer occur, but also this loss of photocurrent cannot be assigned 
to exciton diffusion limitations.(Figure3.7) 
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Figure 3.7. PL spectra of the pristine films and polymer:PC71BM (1:4, w/w) blend films. 
 
3.3.6. Thin-film morphology 
To further determine the influence of the fluorine substitutions on the bulk morphology, X-ray 
diffraction (XRD) analysis was used to examine the thin films of each pure polymer and as-spun blends 
of polymer:PC71BM, respectively (Figure 3.8).  
 
 
Figure 3.8. XRD patterns obtained from (a) pristine thin films of PCDTFBT and PCDT2FBT without 
and with thermal annealing and (b) blend films of PCDTFBT:PC71BM and PCDT2FBT:PC71BM (1:4 
w/w) without and with thermal annealing at 150 °C on SiO2/Si substrates.  
 
The XRD patterns from the PCDTFBT and PCDT2FBT-only films at 22.68° and 23.33° respectively, 
show the d(010) reflections, characteristic of the - stacking of the polymer backbones,130 while there 
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are no observable (100) reflection, which presumably indicates the characteristics of their edge-on 
structures. On the other hand, both the annealed films exhibit significant sharpening and intensification 
of the (100) reflections (2 = 6.54° for PCDTFBT and 6.58° for PCDT2FBT), along with the presence 
of the slightly shifted (010) peaks. Notably, the observed -stacking distances (d(010) = 3.8~3.9 Å ) of 
both the as-spun and annealed films of the polymers are shorter than that of the reported PCDTBT film 
(d(010)PCDTBT = 4.4 Å ),131 evidencing a closer molecular ordering of the fluorinated polymers. When 
PC71BM is blended with the polymers, it is clear that the molecular packing either along the side-chain 
or the -stacking directions seems to be changed. The diffraction peaks caused by PC71BM crystallites 
were not detected from pure PC71BM-only films in our control experiments. This is in contrast with 
other works in which the sharp crystalline PC71BM peaks can be observed at ~19.2°.132, 133  On the other 
hand, it is interesting to point out that we observe the new diffractions at 2 = 19.0~19.3° ranges in all 
the blended films, leading to a significant broadening of the peaks appearing around 17~24°. A possible 
explanation for this is that the PC71BM molecules can diffuse through the polymer matrix and form 
large single crystals in the blend systems. In addition, the d(100)-spacing peaks for both the annealed 
blend films are somewhat shifted, which is expanded by ~0.4 Å , compared to their corresponding their 
pristine polymer films. It is apparent that there is a co-existence of the (010) and (100) peaks for both 
the post-annealed polymers. 
According to the XRD results, one can conclude that the thermal annealing leads to in a reorientation 
of the polymers both at the surface and in the interior of the films, enhancing a preference in the face-
on orientations. This is probably of consequence for better photovoltaic device performance on the 
devices presented here via the use of the thermal annealing. 
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Figure 3.9. Surface morphology of blend films based on PCDTFBT:PC71BM (1:4 w/w) without (a) and 
with thermal annealing (b) and PCDT2FBT:PC71BM (1:4 w/w) without (c) and with thermal annealing 
(d). 
 
We also investigated the film morphology of the polymer blend films processed with and without 
thermal annealing by using atomic force microscopy (AFM). From the height images (Figure 3.9), the 
annealed surface processed PCDTFBT (rms = 2.54 nm) is rougher than that without annealing (rms = 
0.38 nm), attributed to a morphology of appropriate phase separation with fullerene aggregates as well 
as a interpenetrating D and A domains.134 In the both before and after annealing cases of the 
PCDT2FBT-based film, the AFM reveals uniform and smooth surfaces (rms = 0.47~0.53 nm) and the 
interpenetrating networks are not difficult to be distinguished. The more favorable morphology of 
PCDTFBT:PC71BM blend films after the thermal annealing can mainly contribute to the high 
performance of this polymer, as compared to the PCDT2FBT-based devices. 
 
3.4. Conclusion 
In summary, the synthesis of two novel fluorinated analogues of PCDTBT, namely PCDTFBT (1F) 
and PCDT2FBT (2F), designed by either singly- or doubly-fluorination of the BT unit on the repeat 
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unit, have been described, aiming to render favorable properties for the lowering of the polymer HOMO 
energy levels as well as the creation of the secondary bonding toward further improving the photovoltaic 
parameters. Both experimental results and theoretical calculations have shown that the incorporation of 
F atoms to the polymer backbone can fine-tune the polymer energy levels, charge-carrier transport 
capability, and molecular packing. The resulting polymers show the desirable deeper HOMOs (-5.54~-
5.67 eV) and LUMOs (-3.71~-3.83 eV) than its nonfluorinated PCDTBT (HOMO = -5.5 eV and LUMO 
= -3.6 eV), possibly allowing a high VOC and JSC. Based on the PCDTFBT systems, BHJ solar cells with 
a PCE as high as 3.96 % have been realized by noticeably increasing the VOC of 0.95 V, which ties close 
to the hitherto reported highest VOC values of PSCs based on PCDTBT derivatives. In the quest to further 
improve the PCEs, the PCDTFBT-based device processed with 2 % (v/v) DPE solvent additive exhibits 
an increase in the PCE of up to 4.29 %. 
Regarding the relative deeper-lying HOMO level via the multi-fluorination, the device derived from 
PCDT2FBT is expected to show better performance with the further improved VOC value. Nevertheless, 
the only moderate PCE of 2.07 % with even the somewhat decrease in VOC (0.88 V) is observed. 
Therefore, the results shown in this study indicate that the successful application of F atoms to any 
conjugated polymer for BHJ solar cells can only be realized only with a truly optimized morphology 
that varies from one polymer/fullerene system to the other. Though investigations to further understand 
the impact of the F atoms on the morphology, self-assembly behavior, and exciton-related dynamics are 
currently underway, it is still believed that the triumph morphology remains on the top of research 
priorities for highly efficient BHJ systems. 135 
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Chapter 4. A synthetic approach to a fullerene-rich dendron and its linear 
polymer via ring-opening metathesis polymerization 
4.1. Research background 
Through the esterification of an acyl chloride functionalized fullerene precursor with dendritic alchohol, 
a fullerene-rich Dendron containing a norborane unit at the focal point is prepared for ring-opening 
metathesis polymerization to obtain its linear polymer with a narrow molar mass distribution (PDI=1.08) 
a by a progressive addition of catalysts. The remarkable electronic properties of fullerenes have attracted 
great attention from scientists with different background to develop a wide variety of chemically 
modified fullerene derivatives.136, 137 The recent progress in the chemistry of fullerenes has allowed 
dadvanced functional materials that have extensive potential applications, such as semi conductivity, 
superconductivity, photovoltaic activity, magnetism, and bioactivity properties.138, 139 Dendritic activity 
macromolecules, 140, 141 comprised of several dendritic wedges coupled to  a multi-valency core, are 
charismatic molecular constructs for the development of nanotechnology because of their well-defined 
globular nanometric structure.142 It is noteworthy that the molecular composition like functionalities in 
cores, branches, dendrons and periphery chemistry. In particular, dendronized linear polymers as 
analogues of dendrimers but with a ling linear polymers, as analogues of dendrimers but with a long 
linear polymer chain used as core,143, 144 have gained increased importance in recent years because, when 
several dendrons with higher generations are attached to a linear polymer to afford rigid and rodlike 
nanocylinders. Recently, thanks to benefits from a combination of both dendritic frameworks and 
fullerenes dendrimer and fullerene chemistry interested to create a new interdisciplinary area in 
supramolecular chemistry and materials science.145, 146  However dendritic structures with fullerene 
units at their surface or with C60 spheres in the dendritic branches, namely fullerene-rich dendritic 
molecules,145 have rarely been considered. This is mainly due to the difficulties associated with the 
synthesis of fullerene-rich molecules such as the poor solubility of C60, the limitation on potential 
chemistries in the presence of reactive fullerene groups, and their chemical reactivity.147 Therefore, over 
the past years, such tedious synthetic methodologies the defect-free fullerene rich demdronized linear 
polymers by using a macro-monomer approach that uses a pure dendrimer with a polymerizable end 
group to ensure complete dendritic coverage of the polymer backbone. 
In this work, we have shown PSCs using the two fullerene dendron and dendronized linear polymer 
with P3HT. Even though it does not shown remarkable performance, still showed a possibility using 
the fullerene dendron derivatives. 
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4.2. Experimental 
The synthesis of the precursor dendric alcohol containing the norbornene moietyat the focal point was 
achieved by repetitive esterification and deprotection procedures that utilized the anhydride of 
isopropylidine-2,2-bis(oxymethyl)-propionic acid. 148  
Polymerizaition of the exo norbornene monomer (fullerene rich Dendron) was attempted with the fast 
initiating third generation Grubbs’ catalyst.149 Analysis of the reaction mixture by gel permeation 
chromatography (GPC) revealed that the polymerization produced a low molecular weight (Mn = 4.3 
kDa) with a bimodal weight distribution even under various conditions such as extended reaction times, 
different Grubbs’ catalysts and different solvents. Despite the relatively higher activity of the exo isomer 
of the norbornene toward polymerization, the experimentally low molecular mass and the incomplete 
consumption of the macromonomeric dendron observed from the GPC trace are most likely related to 
the alkene being sterically shielded from the catalyst in the norbornenyl macromonomer due to the 
bulky size of the dendron based on C60.150 We assumed that increased reaction times would be necessary 
toward the polymerization of dendritic monomers containing the sterically demanding dendron, but 
decomposition of the catalyst can take place over an extended period of time, leading to low molecular 
weight of the resulting polymers. Therefore, we hypothesized that carrying out the reaction by adding 
additional catalysts in portions might be beneficial for the catalyst activity and afford a polymer with 
improved molecular weight and narrow PDI value. Indeed, when a key control experiment by means of 
gradually adding additional catalysts to the reaction solution was performed (see the experimental 
section for details), a fullerene-rich linear polymer that is easily distinguished from the fullerene-rich 
dendron by TLC was obtained (Figure 4.1).  
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Figure 4.1. PC of fullerene-rich dendron and fullerene-rich linear polymer. Solvent, chlorobenzene; 
flow rate, 1.0 mL min-1. 
 
As shown in Figure 4.1 the GPC analysis of the linear polymer shows not only a unimodal and narrow 
molar mass distribution (Mn = 6.5 kDa, PDI = 1.08) but also reveals the absence of the residual dendron 
monomer (Mn=1.8 kDa, PDI=1.03). It is known in the literature that the measured values for the 
molecular weights underestimate the true molecular weights of comb polymers by up to a factor of 
ten.151 This is confirmed by the marked difference between calculated molecular mass (mass = 4507 
Da) and experimental value determined by GPC (Mn = 1810 Da) of the dendron monomer, which is 
probably a result of the difference in hydrodynamic volumes of those dendronized molecules based on 
fullerene compared to linear polystyrene standards. In addition, we cannot rule out that analytical GPC 
using the calibration curve of linear polystyrene as standard reveals lower than expected molecular 
weights for fullerene-containing polymers. This phenomenon has been ascribed to p–p interactions 
between the fullerene subunits and the phenyl moieties of the polystyrene stationary phase, leading to 
an increase of the elution volume with a corresponding decrease in the molecular weights.152 The 
resulting linear dendritic polymer is readily soluble in common organic solvents (chloroform, toluene, 
chlorobenzene, etc). Figure 4.3 details the 1H NMR spectra for fullerene-rich Dendron (left) and the 
final fullerene-rich linear polymer (right). Inspection of the 1H NMR for the fullerene-rich linear 
polymer clearly indicates that the dendron monomer olefin signal at d 6.24 ppm is replaced by a new 
signal at 5.61 ppm corresponding to the cis/trans double bonds of the polymer backbone, confirming 
the successful polymerization. 
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 4.3. Result and Discussion 
We herein describe the preparation of a fullerene-rich Dendron containing a norbornene unit as focal 
point for the polymerization and report on the construction of its linear polymer in a controlled fashion 
from sterically demanding monomer via ring-opening metathesis polymerization.  
To demonstrate potential applications of these dendritic-type fullerenes OPVs, the active layers in BHJ 
OPVs were fabricated with P3HT. The weight ratio of P3HT to fullerene-rich dendron was 1 : 1, 
whereas in the case of fullerene-rich linear polymer the ratio was slightly modified to 1 : 0.5. The 
preliminary photovoltaic performance based on fullerene-rich dendron shows a JSC of 5.23 mA cm-2, a 
VOC of 0.50 V, a fill factor (FF) of 0.52, leading to a decent PCE of 1.36%. On the other hand, the device 
using fullerene-rich linear polymer as the n-type material delivers inferior performance with a JSC of 
3.61 mA cm-2, a VOC of 0.44 V, a FF of 0.33, decreasing the PCE to 0.52%. The low power conversion 
efficiencies are entirely due to the decrease of the JSC, which can be attributed to the unsuitable 
morphology in the bi-continuous interpenetrating networks of the BHJ composite. This is supported by 
the absence of clearly detectable crystalline features in the AFM (Figure 4.4c). Moreover, in the case 
of fullerene-rich linear polymer, AFM imaging of the active layer film reveals the isolated phase 
aggregation between two components, resulting in the unique spherical-like feature in the AFM that is 
generally seen in most hyper-branched polymers.153, 154 The isolated spherical clusters show an average 
diameter of 230 nm and a height of less than 15 nm (Figure 4.4d). The external quantum efficiencies, 
shown in the inset to Figure 4.4b, exhibit only ~35% for P3HT/fullerene-rich dendron and only 15% 
for P3HT/fullerene-rich linear polymer at a broad peak centered at 530 nm, which implies that charge 
separation, transportation, and collection of the device are inefficient and photons absorbed by the active 
layers are inefficiently converted into electricity. 
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Figure. 4.2. (a) J–V characteristics of polymer solar cells under AM 1.5 condition (100 mW/cm2). (b) 
IPCE of P3HT/fullerene-rich Dendron and P3HT/fullerene-rich linear polymer. AFM height images of 
P3HT blend with (c) fullerene-rich dendron and (d) fullerene-rich linear polymer. 
4.4. Conclusion 
In summary, we have successfully prepared a fullerene-rich dendron based on norbornene-type 
monomer at the focal point by the esterification of dendritic alcohol with an acyl chloride functionalized 
C60. Upon applying a combination of ROMP strategy and a controlled methodology of a progressive 
addition of catalyst, we have established a platform for the synthesis of a fullerene-rich linear polymer. 
Despite some remarkable recent achievements based on the dendritic frameworks, it is clear that the 
example discussed herein represents only the first steps towards the design of fullerene-rich linear 
polymer. 148 
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Chapter 5. Photovoltaic performance of bifunctional low band gap 
conjugated copolymer 
5.1. Research background  
We have investigated the bifunctional properties using ambipolar low band gap conjugated copolymer 
in organic BHJ solar cells. Ambipolar copolymer, poly[3,6-dithien-2-yl-2,5-di(2-decyltetradecanyl)-
pyrrolo[3,4-c]pyrrole-1,4-dione-50,50’-diyl-alt-benzo-2,1,3-thiadiazol-4,7-diyl] (PDTDPP-alt-BTZ), 
successfully works as the bifunctional material acting as both donor or  acceptor. However, because of 
fast recombination nature and broken charge balance of hole and electron, solar cell performances were 
significantly limited. The results indicate that having distinct role of each component might be better 
for the high performance BHJ solar cells rather than bifunctional property based on good charge 
transport properties of both hole and electrons. 
PSCs are currently attracting significant interest due to their potential advantages, including material 
diversity, mechanical flexibility, simple fabrication process, and large-area capability.69 One of the 
successful approach to achieve high performance PSCs is implementation of BHJ blend comprising p-
conjugated semiconducting polymers as a donor material and fullerene derivatives as an acceptor 
material. To date, a large number of semiconducting polymers have been generated and subsequently 
characterized. Based on these tremendous studies, following three conditions have suggested for good 
donor polymers to achieve high efficiency BHJ solar cell.155 (1) Low band gap (ca. 1.2 eV) for better 
solar spectrum harvesting. (2) The LUMO level difference between donor and accepter must be larger 
than exciton binding energy (ca. > 0.3 eV) to get enough energy level offsets for efficient charge 
separation. (3) Good transport properties of both hole and electron. As the materials satisfied these 
conditions, low band gap D–A conjugated copolymers particularly have garnered considerable use in 
BHJ solar cells because of their wider photon absorption window and relatively good transport 
properties. For the third condition, however, it still remain as a question to be verified because most of 
present D–A copolymers exhibited only good hole transport properties so far. We have successfully 
synthesized and demonstrated ambipolar D–A copolymer, namely poly[3,6-dithien-2-yl-2,5-di(2-
decyltetradecanyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-50,50’-diyl-altbenzo-2,1,3-thiadiazol-4,7-diyl] 
(PDTDPP-alt-BTZ), which shows really balanced charge carrier mobilities for both electrons (µe=0.09 
cm2 V-1  s-1) and holes (µh = 0.1 cm2 V-1 s-1).156 PDTDPP-alt-BTZ copolymer has low band gap of 1.2 
eV and the energy difference between polymer LUMO and PCBM or PC71BM LUMO is 0.3 eV. Hence, 
PDTDPP-alt-BTZ satisfied the first and second conditions of donor material. Therefore, we assumed 
that the PDTDPP-alt-BTZ is ideal donor polymer to evaluate above suggested conditions. In addition, 
since PDTDPP-alt-BTZ shows balanced charge carrier mobilities for both electron and hole, PDTDPP-
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alt-BTZ can act as an electron acceptor as well as an electron donor. Thus, we have explored 
bifunctionality of PDTDPP-alt-BTZ, too. 
 
5.2. Experimental   
The BHJ films were prepared under optimized conditions according to the following procedure: 
PEDOT:PSS, in aqueous solution was spin-casted on the cleaned ITO glass to form a film with thickness 
of approximately 40 nm. The PEDOT:PSS coated substrate was dried at 140 ⁰C for 10 min in air, then 
transferred into a glove-box filled with N2 to deposit the photoactive BHJ layer. Two types of composite 
solutions containing PDTDPP-alt-BTZ were prepared as 1.0 wt.% in DCB. One is PDTDPP-alt-BTZ 
and PC71BM blend with a weight ratio of 1:4. The other is PDTDPP-alt-BTZ and P3HT blend with a 
weight ratio of 4:1. In the former case, PDTDPP-alt-BTZ is used as an electron donor. In the latter case, 
PDTDPP-alt-BTZ is used as an electron acceptor. Prepared solutions were deposited on top of the 
PEDOT:PSS layer by spin-casting. Then, 100 nm thick Al electrodes were deposited by thermal 
evaporation method under 10-6 torr. Device characterization was performed under N2 atmosphere using 
a Keithley source measurement unit (Keithley 2635A). The illumination was done using an Air Mass 
1.5 Global (AM 1.5 G) solar simulator with an irradiation intensity of 100 mW/cm2. Atomic force 
microscopy (AFM) images were obtained by Veeco Nanoscope III in tapping mode to measure the 
surface morphology of BHJ thin films. The UV-Vis absorption spectra were recorded by a Varian Cary 
5000 spectrophotometer. 
 
5.3. Result and discussion 
The chemical structures of P3HT, PDTDPP-alt-BTZ and PC71BM are shown in Figure 5.1a, Figure5.1b 
shows the UV-Vis NIR absorption spectra of pristine PDTDPP-alt-BTZ, PDTDPP-alt-BTZ:PC71BM, 
and P3HT:PDTDPP-alt-BTZ thin films, respectively. PDTDPP-alt-BTZ can harvest photons in the 
longwavelength range because of the strong absorption from 650 to 1000 nm. Energy level diagrams of 
3 components are depicted in Figure 5.1c. PDTDPP-alt-BTZ has ideal energy level configuration to act 
as the bifunctional material. Both HOMO and LUMO levels of PDTDPP-alt-BTZ are lower than that 
of P3HT and higher than that of PC71BM. Therefore, in combination with P3HT, PDTDPP-alt-BTZ can 
act as an acceptor. In combination with PC71BM, PDTDPP-alt-BTZ can act as a donor.  
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Figure 5.1. (a) The chemical structure of P3HT, PDTDPP-alt-BTZ and PC71BM. (b)Absorption spectra 
of the pure PDTDPP-alt-BTZ (solid line), PDTDPP-alt-BTZ:PC71BM (dash-dotted line), 
P3HT:PDTDPP-alt-BTZ (dotted line) with 1:4 ratio on fused silica. (c)Schematic energy diagrams for 
flat band. 
 
To explore the performance of PDTDPP-alt-BTZ as the bifunctional material, PDTDPP-alt-
BTZ:PC71BM and P3HT:PDTDPP-alt-BTZ of 1:4 weight ratio BHJ solar cells were fabricated and 
characterized. Measured J–V characteristics curves are shown in Figure 5.2.  
 
 
Figure 5.2. J–V characteristics of the PDTDPP-alt-BTZ:PC71BM and P3HT:PDTDPP-alt-BTZ (1:4 
w/w) blend devices. 
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Table 5.1. Photovoltaic parameters of the devices with two composites P3HT: PDTDPP-alt-BTZ and 
PDTDPP-alt-BTZ:PC71BM weight ratio 1:4 in accordance with thermal annealing. 
Donor:Acceptor Ratio 
Thermal 
treatment 
JSC 
(mA/cm2) 
VOC 
(V) 
FF 
Efficiency 
(%) 
P3HT:PDTDPP-
alt-BTZ 
1:4 
- 1.04 0.24 0.31 0.08 
120 1.38 0.42 0.31 0.18 
PDTDPP-alt-
BTZ:PC71BM 
1:4 
- 1.09 0.70 0.45 0.34 
120 1.10 0.71 0.46 0.36 
 
Details of the solar cell performance data including JSC, VOC, FF, and PCE are listed in Table 5.1. 
Although the measured PCE values are not spectacular, both devices fabricated using PDTDPP-alt-
BTZ:PC71BM or P3HT:PDTDPP-alt-BTZ exhibit clear photovoltaic effect, which means that the 
PDTDPP-alt-BTZ successfully works as the bifunctional material, i.e. either donor or acceptor. Despite 
the amphoteric property of PDTDPP-alt-BTZ, measured PCE values were quite a bit lower than our 
expectation. The main reason of low PCE is because of low JSC of devices. The measured JSC values 
are 1.38 mA/cm2 for the P3HT:PDTDPP-alt-BTZ device and 1.10 mA/cm2 for the PDTDPP-alt-
BTZ:PC71BM device. Such JSC values are approximately 10 times lower than that of general BHJ solar 
cells reported in literatures. In order to elucidate the reason of low JSC, we have initially performed 
steady state photocurrent (PC) measurements. The notable fact is that no photoresponse are detected in 
both PDTDPP-alt-BTZ:PC71BM and P3HT:PDTDPP-alt- BTZ blends in spite of strong absorption in 
the NIR region (1000 nme700 nm) as shown in Figure 5.3a, implying that enough photoinduced charge 
transfer does not occur between the BHJ components. Only a few amounts of PC was detected from the 
P3HT:PDTDPP-alt-BTZ blend (Figure 5.3b). In previous report, we found that the recombination is 
very fast with lifetime about 7 ps for PDTDPP-alt-BTZ thin film.156 In general principle of 
photoinduced charge transfer for the BHJ solar cells, excited electron from the donor polymer initially 
forms exciton, then it moves to the interface between the donor phase and acceptor phase. Once the 
exciton reaches at the interface, the charge separation is occurred. For the PDTDPP-alt-BTZ, however, 
because of short lifetime of excited electron, most of the charges are recombined directly before exciton 
forming. Since the photoconductivity is proportional to the lifetime of the carrier, the fast recombination 
of PDTDPP-alt-BTZ can be the one of the reason for the low photocurrent. Furthermore, the excellent 
ambipolarity of PDTDPP-alt-BTZ induces delocalization of both holes and electrons highly along the 
main chain, thereby increasing the possibility of charge recombination. The other serious drawback of 
BHJ blend contacting ambipolar materials is charge balance breaking of holes and electrons.157 Among 
the several parameters that must be optimized to achieve high performance solar cells, good charge 
balance of holes and electrons is one of the important factors. Under asymmetric charge balance 
circumstance, device performance is normally limited by minor charge carriers. Figure 5.3b shows the 
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transport characteristics of ambipolar FETs fabricated using PDTDPP-alt- BTZ:PC71BM and 
P3HT:PDTDPP-alt-BTZ blends. For the FET using PDTDPP-alt-BTZ:PC71BM, electron transport is 
dominant, while hole transport is relatively weak. In contrast, for the FET using P3HT:PDTDPP-alt-
BTZ, hole transport becomes dominant, while electron transport becomes weak. Since the pristine 
PDTDPP-alt-BTZ itself has good symmetry of charge transport already, adding more p-type or n-type 
materials significantly breaks symmetry of hole and electron transport, thereby inducing a decrease in 
solar cell performances.  
 
 
Figure 5.3. (a) Photocurrent of the BHJ devices PDTDPP-alt-BTZ:PC71BM and P3HT:PDTDPP-alt-
BTZ. (b) Transport characteristics of ambipolar FETs fabricated using PDTDPP-alt-BTZ:PC71BM and 
P3HT:PDTDPP-alt-BTZ blends. 
 
5.4. Conclusion 
In conclusion, we have investigated the bifunctionality of PDTDPP-alt-BTZ in the BHJ solar cells. 
Although the PDTDPP-alt-BTZ shows clear bifunctional property as a donor and acceptor, higher 
ambipolarity of PDTDPP-alt-BTZ induces fast charge recombination, thereby limiting photovoltaic 
effects; i.e. there was trade-off between good ambipolar transport properties and photovoltaic effect. 
Furthermore, with the BHJ blend containing ambipolar material, it is hard to achieve the charge balance 
of hole and electrons. This result indicates that having distinct role of each component might be better 
for the high performance BHJ solar cells rather than good charge transport properties of both hole and 
electrons. 158 
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Chapter 6. A simultaneous achievement of high performance and extended 
thermal stability of bulk-heterojunction polymer solar cells using a 
polythiophene–fullerene block copolymer 
 
6.1. Research background 
We report substantial improvements in efficiency and thermal stability of the P3HT:PCBM BHJ system 
by adding a diblock copolymer P3HT-b-P(St89BAz11)-C60 (St=styrene,BAz=benzylazide) as a 
compatibilizer. Small amounts of the di-blockcopolymer alter the interfacial morphology between the 
P3HT and PCBM components, resulting in a noticeable difference in phase segregation of the BHJ 
films, as evident in atomic force microscopy images. The best performance is observed in the 
P3HT:PCBM cell with 10% P3HT-b-P(St89BAz11)-C60, which exhibits substantially improved power 
conversion efficiency and thermal stability compared to the P3HT:PCBM control device.  
BHJ solar cells based on conjugated polymer:fullerene  systems are a technology that shows great 
promise as a cheap and environmentally friendly energy source. PCE of 6~8% have recently been 
reported for BHJ solar cells, bringing them ever closer to practical use.77 The performance of BHJ solar 
cells is largely determined by the morphology of the actively layer; understanding and controlling the 
phase separation behavior of the immiscible donor and acceptor components is critical to the 
advancement of the field.159 Small phase domains with a large interfacial area enable maximum exciton 
separation, while the formation of bicontinuous interpenetrating networks improves the extraction of 
charge carriers from the active layer to each electrodes.160 Techniques to enhance this morphology and 
improve the PCE of BHJ solar cells are of a great interest, for example, thermal or solvent annealing, 
as well as the incorporation of additives in the active layer have been studied extensively.160, 161 Recently, 
amphiphilic and rod–coil diblock-copolymer materials have been introduced for use as compatibilizers, 
which reduce the interfacial energy between immiscible components in condensed phases. It has been 
reported that rod–coil diblock-copolymers can Form specific self-assembled nano-structures, which 
facilitates an Optimized interfacial morphology between two components in the BHJ solar cell by 
reducing unintended phase segregation.162, 163 Herein, we investigate BHJ solar cells with various 
amounts of diblock-copolymer, P3HT-b-P(St89BAz11)-C60, as a compatibilizer in a PCBM. We have 
characterized the P3HT-b-P(St89BAz11)-C60 and the P3HT-b-P(St89BAz11) by UV–vis absorption 
spectra and thermo gravimetric analysis (TGA).The morphologies of the active layers with different 
amounts of P3HT-b-P(St89BAz11)-C60 have been characterized by AFM and correlated to the 
performance and stability of BHJ solar cells as function of P3HT-b-P(St89BAz11)-C60 concentration. 
The greatest efficiency enhancement is obtained using 10% blockcopolymer, resulting in an efficiency 
of 3.43%.  Furthermore, devices with the compatibilizer exhibit enhanced stability, being stable for 10h 
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at an elevated temperature while devices without the compatibilizer degrade significantly under the 
same conditions. 
 
6.2. Experimental 
Synthesis of the diblock copolymer was carried out using a previously reported procedure, 164 including 
polymerization of a thiophene block via Grignard metathesis, end-capping with a trithio carbonate 
group and reversible addition fragmentation chain transfer (RAFT) polymerization of a styrene/4-
vinylben-zylchloride copolymer block to yield a benzyl chloride functional diblock copolymer (P3HT-
b-P(St89BCl11)). The detailed synthesis and characterization of P3HT-b-(St89BCl11) were reported in our 
paper, 165 which is briefly described below. The rod–coil diblock copolymer based P3HT (P3HT-b-
P(S89BCl11)) with mole feed ratio of styrene to 4-vinylbenzyl chloride (y:x=89:11) was synthesized via 
RAFT polymerization. The structural composition (P3HT:PS: PBCl=10:76:14 mol%) for the block 
copolymer was estimated from 1H NMR spectroscopy. Chloride groups were converted to azide 
moieties via treatment with NaN3 and subsequently functio-nalized with C60 yielding the C60 functional 
polymer (P3HT-b-P (St89BAz11)-C60). Optimized BHJ devices were prepared as follows: ITO-coated 
glass substrates were cleaned with distilled water, then sonicated in distilled water, acetone and 
isopropyl alcohol and dried overnight in an oven. Next, an aqueous solution of PEDOT: PSS was spin-
cast to form a film with a thickness of approximately 40 nm. The films were annealed for 10 min at 
140 °C in air, then transferred to a nitrogen filled glove-box. Next, active layers were deposited from 
solutions containing a mixture of 2 wt% P3HT:PCBM (1:0.8 w/w) in o-dichlorobenzene with varying 
concentrations of P3HT-b-P(St89BAz11)-C60 copolymer including 0%, 10%, 20% and 50% relative to 
the P3HT concentration. Devices were completed by thermal evaporation of Al cathodes (100 nm thick) 
at a base pressure of 10-6 Torr. In addition, the device structures of the hole and electron only devices 
are ITO/PEDOT:PSS/P3HT:PCBM/Au and Al/P3HT:PCBM/Al with and without the compatibilizer, 
respectively. Device characterization was carried out in a nitrogen filled glove box by measuring current 
density–voltage (J–V) curves with a Keithley 2635 A source measurement unit under simulated 
AM1.5G radiation (calibrated to 100 mW/cm2) using a high quality optical fiber coupled to a Xenon 
arc lamp. AFM images were obtained using a Veeco microscope in tapping mode over a 5 mm x5 mm 
scan area. UV–vis spectra were collected using a Varian Cary 5000 spectrometer. For transmission 
electron micro-scopy (TEM) (JEOL, JEM-2100, Japan) analysis, specimens are prepared by floating 
the active layers onto the solution, followed by picking them up with Cu grid and XRD (X-ray 
diffraction) (Rigaku Cu Ka 3 kW) spectra of the different samples spin coated on glass were obtained 
out-of plane. 
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6.3. Results and discussion    
The chemical structure of P3HT-b-P(St89BAz11)-C60 is presented in Figure 6.1. The polythiophene 
segment forms a rod-like block, while the polyolefin section forms a coil-like block, generating a nano-
fibril structure in the solid state.164  
 
 
Figure 6.1. Chemical structureofdiblock-copolymer,P3HT-b-P(St89BAz11)-C60. 
 
Figure 6.2a depicts the UV–vis absorption spectra of P3HT-b-P(St89BAz11) and P3HT-b-P(St89BAz11)-
C60in chloroform solution. While P3HT-b-P(St89BAz11) displays absorption around 450 nm, P3HT-b-
P(St89BAz11)-C60 exhibits strong absorption in the 300–400 nm region, arising from the C60 moieties. 
Furthermore, P3HT-b-P(St89BAz11)-C60 shows ca. 30% residue at temperatures above 400°C in TGA 
thermograms (Figure 6.2b), which can be attributed to the greater thermal stability of the C60 
moieties.166 From these results, we can confirm that the diblock copolymer, P3HT-b-P(St89BAz11)-C60, 
contains substantial amounts of C60.  
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Figure 6.2. (a) UV–vis absorption spectra of P3HT-b-P(St89BAz11) and P3HT-b-P(St89BAz11)-C60 in 
CHCl3. (b)TGA of P3HT-b-P(St89BAz11) and P3HT-b-P(St89BAz11)-C60 under N2. Heating rate of 
100 °C/min. 
 
AFM images were collected to evaluate the effect of P3HT-b-P (St89BAz11)-C60 on the phase separation 
and miscibility of P3HT: PCBM films, as shown in Figure 6.3. The amounts of P3HT-b-P (St89BAz11)-
C60 added relative to P3HT are 0%, 10%, 20%, and 50% for Figure 6.3a–d, respectively and all of the 
films were thermally annealed at 150⁰C for 5 min.167 The morphology of the pristine P3HT:PCBM film 
appears somewhat rough compared to the  composite films containing P3HT-b-P(St89BAz11)-C60; the 
root mean square (RMS) roughness of each film is 11.30, 7.20, 4.81, and 2.42 nm for Figure 6.3a–d, 
respectively. The active layer surface containing large amount of the P3HT-b-P(St89BAz11)-C60 is 
smooth  compared with small amount of the P3HT-b-P(St89BAz11)-C60 due to its effect as a 
compatibilizer and improved miscibility between the two phases. From the AFM results, it is clear that 
the P3HT-b-P(St89BAz11)-C60 suppresses phase segregation in the P3HT:PCBM composite, and the 
compatibility of the P3HT and PCBM phases is enhanced. We find that the best solar cell performance 
is obtained from films with RMS roughness values in the range of 5nm–10nm.168 Thus, the morphology 
of the composite film with 10% of P3HT-b-P(St89BAz11)-C60 has appropriate roughness as shown in 
Figure 6.3. In general, the morphology obtained with the diblockcopolymer seems to improve the charge 
transfer and collection efficiency, as evident by the performance of the devices, which is later discussed. 
Figure 6.4 shows TEM images and X-ray diffraction patterns of P3HT:PCBM 
withandwithout10%ofcompatibilizer.In Figure 6.4 a and b, the morphology of P3HT:PCBM blend is 
compared with those of P3HT:PCBM: P3HT-b-P(St89BAz11)-C60. It is realized that the phase domain 
size of the P3HT:PCBM with the compatibilizer is changed significantly, well-defined bicontinuous 
network morphology presents. In addition, the TEM images are in agreement with AFM images. The 
crystallites with b- or c-axis orientations of P3HT:PCBM andP3HT:PCBM: P3HT-b-P(St89BAz11)-C60 
are not detected (Figure 6.4c).169 In the case of the P3HT:PCBM blend film, however, the a-axis 
orientation (100) is clearly revealed while P3HT-b-P(St89BAz11)-C60blend shows lower intensity. 
Therefore, by the presence of P3HT-b-P(St89BAz11)-C60, the crystallization is noticeably decreased 
along the a-axis direction of P3HT.  
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Figure 6.3. AFM images of active layer surface (a)without the rod–coildiblock-copolymer (b)with10%, 
(c)20%, (d)50%, respectively. 
 
 
Figure 6.4 TEM images of P3HT:PCBM (a)without, (b)with10% of P3HT-b-P(St89BAz11)-C60, and 
(c)X-Ray diffractograms of P3HT:PCBM without and with10% of P3HT-b- P(St89BAz11)-C60. 
 
The UV–vis absorption spectra of the P3HT:PCBM: P3HT-b-P(St89BAz11)-C60composite films are 
reported in Figure 6.5, and clearly show two peaks. The peak at 335nm corresponds to the fullerene, 
while the peak at 500nm represents the contribution of P3HT in the blends. The absorption spectra 
shown arrow absorption upon adding the compatibilizer, due to suppressing the segregation of the active 
layer. It should be noted that the packing of P3HT is suppressed in the presence of a large amount 
(>10%) of P3HT-b-P(St89BAz11)-C60 in BHJ. Thereby, the absorption spectrum of P3HT:PCBM with 
10% P3HT-b-P(St89BAz11)-C60 seems to noticeable broad because the packing of P3HT is stronger than 
others.47 
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Figure 6.5. Absorption spectra of the films of P3HT:PCBM composite with 10% P3HT-b- 
P(St89BAz11)-C60 (solid), 20% (dash), and 50% (dot). 
 
 
Figure 6.6. Current density–voltage(J–V) characteristics of P3HT:PCBM composite films with P3HT-
b-P(St89BAz11)-C60 compatibilizer: pristine(□), 10%(○) 20%(▽), and50%(△) at 150 °C thermal 
annealing. 
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To assert a in the effect of the compatibilizer in P3HT:PCBM solar cells, the devices with P3HT-b-
P(St89BAz11)-C60 (0, 10,20, and 50%) were fabricated and their J–V characteristics under AM 1.5 
Gillumination (100 mW/cm2) are reported in Figure 6.6. The reference P3HT:PCBM device exhibits a 
JSC of 7.74mAcm-2, VOC of 0.613 V, FF of 58%, and PCE of 2.75%. Solar cells made with P3HT:PCBM 
processed with10% of P3HT-b-P(St89BAz11)-C60 show considerably improved characteristics, 
including a JSC, VOC, FF, and PCE of 7.96mAcm-2, 0.621V, 64%, and 3.16%, respectively. This 
constitutesa15% increase in efficiency compared to the pristine P3HT:PCBM device. The performance 
of the BHJ solar cells processed with 20% and 50% P3HT-b-P(St89BAz11)-C60 was also slightly higher 
than pristine device. The photovoltaic properties of devices are summarized in Table 6.1. We find that 
VOC is enhanced when there is more P3HT-b-P(St89BAz11)-C60 present in the active layer. The results 
are summarized in Table 6.1. It is known that the packing between neighboring chains in the solid state 
can lead to are reduction of the HOMO–LUMO gap.170 Since the VOC of BHJ solar cells depends on the 
difference between HOMO level of the donor and the LUMO level of the acceptor, it appears that 
incorporation of the copolymer leads to a decrease in the HOMO level of the donor, which can be 
explained as a disruption of the packing between neighboring thiophene chains. As a result, the 
P3HT:PCBM mixed with compatibilizer layer exhibits a higher VOC than that of the pristine one. 
Balanced charge-carrier transport between holes and electrons can lead to an increase in FF.171  
 
Table 6.1. Characteristics of BHJ PSC with P3HT-b-P(St89BAz11)-C60 with thermal treatment at 150 °C 
for 5min. 
Ratio 
JSC 
(mA/cm2) 
VOC 
(V) 
FF 
PCE 
(%) 
1:0.8:0 7.74 0.61 0.58 2.75 
1:0.8:0.1 7.96 0.62 0.64 3.16 
1:0.8:0.2 7.92 0.63 0.61 30.4 
1:0.8:0.5 8.03 0.63 0.56 2.86 
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Figure 6.7. J–V characteristics of the P3HT:PCBM blend devices under dark condition with different 
amount of P3HT-b-P(St89BAz11)-C60, 0%, 10%, and 50% for (a)electron-only devices, (b)hole-only 
devices. 
 
In order to assess the correlation between compatibilizer and device performance, we calculated the 
carrier mobility of the device with different ratio, of compatibilizer via the SCLC technique by fitting 
the J–V characteristics of single carrier diodes with the equation:172  
JSCLC = 9/8 εr ε0µ(V2 /L3)   (6.1) 
Here, er is the dielectric constant of the material,173 ε0 is the permittivity of free space, L is the distance 
between the bottom and top electrodes, which is equivalent to the film thickness, and V is the applied 
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voltage. Fig. 7 displays the SCLC J–V curves of single carrier P3HT:PCBM diodes without and with 
10% and 50% compatibilizer. 
 
Table 6.2. Calculated electron and hole mobility values from dark current densities and active layer 
thickness values fo rP3HT:PCBM with and without P3HT-b-P (St89BAz11)-C60 devices with various 
weight ratio at 150 °C for 5min. 
Ratio Electron mobility Hole mobility Ratio 
1:0.8:0 1.06 x 10-8 6.31 x 10-9 1.67 
1:0.8:0.1 1.31 x 10-9 1.78 x 10-9 1.36 
1:0.8:0.5 5.38 x 10-10 1.72 x 10-9 3.12 
 
The results are summarized in Table 6.2. It is clear that both the electron and hole mobility of the 
composites decrease as the amount of compatibilizer increases. By adding the 
compatibilizerintoP3HT:PCBM composite, the mobility of the composites decrease with an increasing 
the amount of compatibilizer, thisdecrementdecreaseofthemobilitiesinP3HT:PCBM composite films 
with P3HT-b-P(St89BAz11)-C60 can be attributed to the compatibilizer suppressing the desirable 
bicontinuous interpenetrating networks of both components in the BHJ composite. Although a decrease 
is observed in the carrier mobilities of the devices with 10% compatibilizer, the ratio of hole and 
electron mobilities is more balanced than other compositions, which may explain the increase in the FF 
for this optimal ratio. Consequently, the best device with the best performance has10% compatibilizer, 
as shown in Table 6.1. Furthermore the device with10% compatiblizer has the best FF value among the 
devices, which is consistent in mobility results. The data is summarized in Table 6.2. To test thermal 
stability, annealing was carried out using devices with and without10% P3HT-b-P(St89BAz11)-C60 by 
annealing at 150 °C for 10h. The results are presented in Figure 6.8. The performance of both devices 
is found to increase with thermal annealing until 30 min, at which point the two devices how 
significantly different behavior. The performance of the device with compatibilizer is found to remain 
fairly constant over the next 10h, while the performance of the pristine device drops dramatically over 
the same period. Thermal annealing has been shown to increase the mobility of P3HT and improve 
device performance, however, long-term exposure to high temperatures can cause excessive phase 
segregation of P3HT and PCBM components, leading to device degradation and failure.174 Small 
amounts of P3HT-b-P(St89BAz11)-C60 in P3HT:PCBM  Figure. 6.7 displays the SCLC J–V curves of 
single carrier P3HT:PCBM diodes without and with 10% and 50% blend provide significant benefit in 
this regard by acting as a surfactant, reducing the surface energy between the two phases and thermos 
dynamically stabilizing the optimal morphology. The device with compatibilizer reaches a maximum 
efficiency of 3.43% after100 min of thermal annealing, while the PCE of the pristine device, without 
P3HT-b-P(St89BAz11)-C60, deteriorates.  
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Figure 6.8. The thermal stability of solar cells as a function annealing timewithand without P3HT-b-
P(St89BAz11)-C60. P3HT:PCBM with P3HT-b-P(St89BAz11)-C60 (○) and standard P3HT:PCBM devices 
(□). 
 
6.4. Conclusions  
In conclusion, we have demonstrated a significant improvement in the characteristics of P3HT:PCBM 
based solar cells by introducing P3HT-b-P(St89BAz11)-C60 into the P3HT:PCBM blend as a 
compatibilizer. We find that the diblock copolymer improves the performance of the PSCs by 
suppressing the segregation of the active layer. The efficiency of devices with compatibilizer reaches a 
maxiumum of 3.43% using 10% compatibilizer relativetoP3HT, after annealing at150 °C for100min. 
The thermal stability of the devices is found to be greatly enhanced with the addition of P3HT-b-
P(St89BAz11)-C60, where the device with compatibilizer retains over 90% of its performance after 
heating at 150 °C for10h, while the device without compatibilizer degrades to 30% of it speak 
performance under the same conditions. This study demonstrates that carefully designed block 
copolymers can be used a surface active agents in BHJ solar cells to improve and stabilize phase 
separation morphology, leading to devices with improved characteristics. 175 
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Chapter 7. Enhanced Performance of Polymer Bulk Heterojunction Solar 
Cells Employing Multifunctional Iridium Complexes 
 
7.1. Research Background 
BHJ solar cells consisting of an electron donor and an electron acceptor are an attractive type of solar 
cell because they are inexpensive, simple to process, lightweight, and flexible.74, 176-181 The most 
common donor material in BHJ solar cells is P3HT, using which, it is possible to achieve a PCE greater 
than 6%.182 Despite their many promising advantages, the highest photovoltaic efficiency reported for 
BHJ solar cells to date is less than 10%,183 which is significantly less than the value predicted by 
modeling (15%).23 There are many factors limiting the performance of BHJ solar cells, such as the 
optical absorbance, purity of the polymer materials, exciton diffusion length, charge separation, and 
charge collection at the electrode. In addition, the morphology of the active composite layer has an 
impact on the photovoltaic performance, and the energy barrier between electrodes and the active layer 
can intrinsically limit the current density as well. Among these factors, one of the major challenges in 
BHJ solar cells is to fabricate devices that can efficiently absorb sunlight from the visible to the near IR 
region (350–900 nm), as it is very difficult to obtain a wide absorption range and a high extinction 
coefficient using a single material. Energy transfer between an energy donor and an acceptor with 
different absorption spectra could be an ideal strategy to solve this issue.   
Energy transfer has been widely employed to enhance both the signal-to-noise ratio in biosensors184, 185 
and the efficiency of organic OLEDs.186 The criteria for an energy donor capable of efficient energy 
transfer are high quantum efficiency, efficient overlap between the absorption spectrum of the energy 
acceptor and the emission spectrum of the energy donor, minima overlap with the absorption range of 
the energy acceptor, a large Stokes shift to prevent self-quenching, and a higher energy gap than that of 
the energy acceptor to prevent charge transfer. There are three types of energy transfer: singlet-singlet 
energy transfer, which is known as Förster resonance energy transfer (FRET),187 triplet-triplet energy 
transfer, which is known as Dexter energy transfer,188 and triplet-singlet energy transfer, which is 
similar to FRET.189, 190 Dexter energy transfer, employing triplet excitation with iridium complexes, 
plays an important role in increasing the efficiency of OLEDs. This is because iridium complexes have 
a high quantum efficiency, a large Stokes shift, and a long exciton diffusion length. The long diffusion 
length present in iridium complexes is very beneficial in BHJ solar cells because the diffusion length 
of singlet excitons in most photovoltaic materials is usually between 5 and 10 nm,191, 192 which is much 
shorter than that required for efficient light absorption.  
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Iridium complexes have been studied in organic BHJ solar cells as electron donor materials but have 
failed to attain reasonable efficiencies due to their low hole mobilities.193 Alternatively, iridium 
complexes have been implemented in BHJ solar cells as dopants to increase the triplet population, 
thereby increasing the photoconversion efficiency,194-196 or as an additive to improve the morphology.197 
Although triplet states have a long diffusion length, there are few reports on the enhanced performance 
of BHJ solar cells using energy transfer with a triplet excited state except for those operating by a FRET 
mechanism. Recently, the Taylor group demonstrated that FRET significantly improved the light 
absorption and PCE for BHJ solar cells.198 Therefore, because triplet states have a longer diffusion 
length than singlet states, employing triplet energy transfer is a promising strategy for the fabrication 
of BHJ solar cells. 
In this research, we suggest a novel approach to fabricating a BHJ solar cell that involves a 
multifunctional iridium complex containing pendant Na+ ions (pqIrpicNa) as an energy donor, P3HT as 
an energy acceptor, PCBM as an electron acceptor, and polyethylene oxides (PEO) as an ion channel 
to improve the ionic mobility199, 200 and morphology control.201 The most promising advantages of 
pqIrpicNa are that its absorption range exhibits a small overlap with that of the energy acceptor, a large 
Stokes shift, and a reasonable quantum efficiency. The transient PL spectrum, measured by time-
correlated single photon counting (TCSPC), showed energy transfer efficiencies of over 99% from 
pqIrpicNa to P3HT. Furthermore, recent research showed that ionic iridium complexes enhanced the 
phase separation between the donor and the acceptor, leading to an increase in the photovoltaic 
performance.197 Overall, the extent of the phase separation is influenced by the hydrophobicity of the 
iridium complex, which can be controlled by varying the ligand. Therefore, the neutral iridium complex 
(pqIrpicNa) with a hydrophobic unit, 2-phenylquinoline (pq), can offer great potential to improve the 
morphology. The sodium ion of pqIrpicNa is generally known to have a faster mobility in the solid film 
with PEO. Thus, Na+ is expected to reduce the energy barrier between the electrode and the organic 
material by moving the cation toward the electrode202 when the electric field is formed by sunlight, 
increasing the exciton diffusion length by stabilizing the exciton.203 In this manner, charge collection at 
the electrodes is improved. To demonstrate the various advantages of iridium complexes mentioned 
above, we evaluated BHJ solar cells containing various amounts of pqIrpicNa to demonstrate the energy 
transfer effect between the Ir complex and P3HT, to envisage the ion channel effect of Na+ ion with or 
without PEO, and to control the morphology of the active layer. The presence of pqIrpicNa improved 
the JSC in the BHJ solar cells and the morphology. As a result, the overall photoconversion efficiency 
of P3HT:PCBM solar cells is improved from 3.0% to 3.4%.    
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7.2. Experimental 
The synthesis of pqIrpicNa was carried out using a previously reported procedure202. Optimized BHJ 
devices were prepared as follows. ITO-coated glass substrates were cleaned with distilled water, then 
sonicated in distilled water, acetone, and isopropyl alcohol, and dried overnight in an oven. Next, an 
aqueous solution of PEDOT:PSS was spun-cast to form a film with a thickness of approximately 40 
nm. The films were annealed for 10 min at 140 °C in air and then transferred to a nitrogen-filled 
glovebox. Next, active layers were deposited from a mixture of 2 wt% P3HT:PCBM (1:0.8 w/w) in o-
dichlorobenzene without and with varying ratios of Ir complex and PEO (1:0, 3:1, 1:1, 1:3, 0:1 wt% 
relative to the P3HT concentration). The devices were completed by the thermal evaporation of Al 
cathodes (~100 nm) at a base pressure of 10-6 Torr. Device characterization was carried out in a 
nitrogen-filled glovebox by measuring J–V curves with a Keithley 2635 A source measurement unit 
under simulated AM1.5G radiation (calibrated to 100 mW/cm2) using a high quality optical fiber 
coupled to a xenon arc lamp. AFM images were obtained using a Veeco microscope in tapping mode 
over a 1 μm × 1 μm scan area. The exciton lifetime was determined by a TCSPC technique. The details 
can be found in a previous report.204 
 
7.3. Result and Discussion  
7.3.1. Photophysical Properties and Energy Transfer  
The molecular structures and photophysical properties of the materials in this research are shown in 
Figure 7.1a. The synthesis of pqIrpicNa followed a previously published method. The emission 
spectrum of pqIrpicNa efficiently overlaps with the absorption spectrum of P3HT, as shown in Figure 
7.1b. The absorption range of pqIrpicNa below 450 nm does not inhibit the absorption of P3HT, and 
pqIrpicNa has never been used in devices outside of being an energy donor.  
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Figure 7.1. (a) Chemical structures of P3HT, PCBM, pqIrpicNa, and PEO. (b)Photoluminescence 
spectrum of the energy donor (black line: pqIrpicNa) and absorption spectra of the energy acceptor and 
donor (blue 
solid line: P3HT, blue dashed line: pqIrpicNa). 
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Figure 7.2. (a) Device structure and (b) band diagram of ITO, PEDOT:PSS, pqIrpicNa, P3HT, PCBM, 
and Al. 
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Figure 7.3. Emission spectra of P3HT:PCBM composite with pqIrpicNa: PEO (The emission 
maximum λmax=670 nm). 
 
 
Figure 7.4. Time-resolved PL signal at 600 nm of pqIrpicNa (λex =470 nm) with and without P3HT 
and/or PEO measured by time-correlated single photon counting (TCSPC) (the inset shows the time-
resolved PL signal of P3HT with and/or without pqIrpicNa and/or PEO). 
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The HOMO energy of pqIrpicNa (-5.6 eV) is lower than that of P3HT (-5.1 eV), and the LUMO energy 
of pqIrpicNa (-2.9 eV) is higher than that of P3HT (-3.0 eV), which allows for efficient energy transfer 
(not charge transfer) from pqIrpicNa to P3HT (Figure 7.2). To confirm the energy transfer from 
pqIrpicNa to P3HT, both the steady–state PL and transient PL were measured by TCSPC.205 First, we 
compared the PL intensity of P3HT containing 1 wt% pqIrpicNa with that of pure P3HT when it was 
excited in the metal-to-ligand charge transfer (MLCT) region of pqIrpicNa (470 nm) in a solid film 
(Figure 7.3). The PL intensity of P3HT with pqIrpicNa slightly increased and exhibited no emission 
from pqIrpicNa (~600 nm). Therefore, the PL intensity enhancement was derived from the energy 
transfer from pqIrpicNa to P3HT. We carried out transient PL measurements to more precisely evaluate 
the energy transfer efficiency, E, which can be calculated using the following formula:206, 207  
ETefficiency (%) = (1 – τ D−A/τ D)  100,                      (7.1) 
where τ D−A and τ D are the excited state lifetimes of the energy donor (pqIrpicNa) with and without the 
energy acceptor (P3HT), respectively. In solid films, the lifetime for pristine pqIrpicNa was 0.3 μs, 
while the lifetime for P3HT with pqIrpicNa dramatically decreased to 0.5 ns when excited at 470 nm, 
which corresponds to a 99.8% energy transfer efficiency (E), as shown in Figure 7.4 and Table 7.1. A 
decrease in the lifetime of the energy donor is a very typical phenomenon with efficient energy 
transfer.207 The inset of Figure 7.4 also demonstrates a change in the lifetime of P3HT with pqIrpicNa. 
There are no significant changes in the lifetime of P3HT with and without the energy donor, because 
the rate of energy transfer is similar to or faster than the lifetime of pristine P3HT. 
 
Table 7.1. Exciton Lifetime of pqIrpicNa, P3HT, P3HT: pqIrpicNa, P3HT:Ir complex:PEO 
and P3HT:PEO 
Decay time Ir complex P3HT 
P3HT:Ir 
complex 
P3HT:Ir 
complex 
:PEO 
P3HT:PEO 
τ1 209 0.817 0.840 0.787 0.841 
p1 468.1 756.3 485.5 810.3 511.5 
τ2 338 0.421 0.401 0.430 0.426 
p2 1467.8 1427.0 1458.5 1205.5 1607 
τave(ns) 307.04 0.507 0.510 0.598 0.534 
 
 
 
７３ 
 
7.3.2. BHJ Solar Cell Studies  
We fabricated solar cell devices with various concentrations (wt%) of pqIrpicNa as an energy donor 
and PEO as an ion channel, i.e., 1:0, 3:1, 1:1, 1:3, and 0:1 pqIrpicNa:PEO. The structure of the devices 
is shown in Figure 7.2. For these fabricated devices, the J–V characteristics under AM1.5G illumination 
(100 mW/cm2) are shown in Figure 7.5 and summarized in Table 7.2. The reference P3HT:PCBM 
device exhibited a JSC of 8.57 mA cm-2, an VOC of 0.60 V, and a FF of 0.59, which corresponds to a 3.0% 
PCE. The JSC of the BHJ solar cells increased by approximately 20% as the content of pqIrpicNa 
increased from 0 to 3 wt% and reached 10.40 mA cm-2. With PEO, the JSC also improved from 9.27 to 
10.24 mA cm-2 moving from a 1:0 to a 1:1 ratio of pqIrpicNa to PEO. The optimized device performance 
was obtained with a 1:1 ratio of pqIrpicNa to PEO and exhibited a 10% enhancement compared to the 
reference device, which corresponded to a 3.4% PCE with JSC of 10.2 mA cm-2, VOC of 0.58 V, and FF 
of 0.56. This enhancement of the photovoltaic performance could be attributed to the triplet-singlet 
energy transfer, ion channel effect, and morphology enhancement.  
 
 
Figure 7.5. Current density–voltage (J–V) characteristics of the P3HT:PCBM devices with different 
ratios of pqIrpicaNa to PEO measured under AM1.5G illumination from a calibrated solar simulator 
with an irradiation intensity of 100 mW/cm2. 
 
We obtained evidence of the triplet-singlet energy transfer by the IPCE), which is in accordance with 
the JSC of the devices, as shown in Figure 7.6. When 1 wt% pqIrpicNa was added without PEO, an IPCE 
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enhancement was observed from 350–450 nm, which corresponds exactly to the MLCT region of 
pqIrpicNa and the IPCE spectrum of pqIrpicNa and PCBM (Figure 7.6). Thus, we assume that the 
enhancement was derived from the triplet-singlet energy transfer. The IPCE over 450 nm was slightly 
increased, which might be derived from an enhancement in the morphology and/or triplet-singlet energy 
transfer. An enhancement in the IPCE spectrum from 450 nm to 600 nm was also observed when PEO 
as an ion channel was added to the active layer (See inset of Figure 7.6).  
 
 
Table 7.2. Photovoltaic parameters of the P3HT:PCBM device with different ratios of additives 
Active layer 
Additive 
Ir:PEO 
Thermal 
Annealing 
(˚C) 
JSC 
(mAcm
-2
) 
VOC 
(V) 
FF 
Efficiency 
(%) 
P3HT:PCBM 
 
(1:0.8) 
x 
x 6.31 0.51 0.50 1.60 
150 8.57 0.60 0.59 3.01 
1:0 
x 4.39 0.46 0.43 0.87 
150 9.27 0.60 0.57 3.13 
3:1 
x 7.45 0.54 0.54 2.18 
150 10.40 0.55 0.56 3.22 
1:1 
x 7.40 0.59 0.44 1.90 
150˚C 10.24 0.58 0.56 3.37 
1:3 
x 8.06 0.54 0.56 2.43 
150 9.79 0.55 0.57 3.09 
0:1 
x 8.40 0.54 0.58 2.64 
150 9.26 0.53 0.57 2.80 
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Figure 7.6. IPCE data of the P3HT:PCBM devices with different ratios of additives. 
 
 
 
Figure 7.7. Plausible mechanism of the PEO ion channel in P3HT and PCBM with pqIrpicNa and PEO. 
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In Figure 7.7, we put forth a plausible mechanism for the ion channel effects on the JSC enhancement 
over 450 nm. First, the photoexcited material forms an exciton. This exciton can then be stabilized by 
being surrounded by Na+ ions and Ir-SO3- ions (Process 1), increasing the lifetime and diffusion length 
of the excitons, as well as decreasing their self-recombination rate. In the following step, the excitons 
migrate to the donor-acceptor interface and dissociate into charge carriers-holes in the donor and 
electrons in the acceptor, and then they move to the electrodes. The sum of these processes produces a 
potential between the ITO and the metal electrode (Process 2). Once this potential is formed, small Na+ 
ions rapidly move towards the Al electrode through the PEO ion channel, while the bulky Ir-SO3- ions 
remain at the counter electrode.202 The accumulated Na+ ions at the metal electrode can reduce the 
energy barrier between the metal and the active layer, which is very similar to the way in which light-
emitting electrochemical cells function at low operating voltage (Process 3). The decreased energy 
barrier between the metal electrode and the active layer consequently increases the current density, 
resulting in an enhancement of the IPCE over 450 nm.  
 
 
Figure 7.8. AFM height images of P3HT and PCBM (a) without and (b) with a 1 : 1 ratio of pqIrpicNa : 
PEO. 
 
Changes in the morphology can also enhance the IPCE over 450 nm. AFM images were collected to 
evaluate the effect of pqIrpicNa and PEO on the phase separation of P3HT: PCBM composite films 
according to their ratios (Figure 7.8 and Figure 7.9). All of the films were thermally annealed at 150 °C 
for 5 min.167 The morphology of the pristine P3HT:PCBM film shows (Figure 7.8a) a somewhat rough 
surface compared to the composite films containing pqIrpicNa and/or PEO (Figure 7.8b and Figure 7.9). 
The root mean square (RMS) roughness of the P3HT:PCBM film (3.87) was reduced to 0.42 with a 1:1 
ratio of pqIrpicNa to PEO (Figure 7.8b), 0.63 with pqIrpicNa (Figure 7.9a), and 0.55 with PEO (Figure 
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7.9d); the films with a 3:1 or 1:3 ratio of pqIrpicNa to PEO exhibited similar RMS roughnesses of 0.62 
and 0.54, respectively (Figure 7.9). From the AFM results, it is clear that pqIrpicNa and PEO improved 
the nanophase segregation and compatibility of P3HT and PCBM.  
 
 
 
Figure 7.9. AFM height images of P3HT with a)pqIrpicNa, b)3:1 ratio of Ir:PEO, c)1:3 ratio of 
Ir:PEO, and d)PEO. 
The amount of added PEO was found to influence the device performance; the addition of more than 1 
wt% PEO leads to a reduction in the VOC (Table 7.1). This can be explained by the following relationship 
between VOC and JSC. The VOC depends on the saturation current density (J0), and JSC can be calculated 
using equation 3.1.208 Figure 7.10 shows the J–V characteristics of the solar cells with different ratios 
of pqIrpicNa to PEO (0:0, 1:0, 3:1, 1:1, 1:3, 0:1) under dark conditions. The addition of PEO without 
the iridium complex achieved the highest J0 and the lowest VOC, while the reference device without any 
additives exhibited a VOC of 0.60 V (Table 7.10). The VOC value with 1 wt% pqIrpicNa decreased from 
0.60 V to 0.55 V as the amount of PEO increased from 0 to 3 wt%. The increase in the saturation current 
density corresponds to the amount of PEO in the device. Therefore, the amount of PEO should be 
minimized. As a result, we found that the optimal ratio of PEO to pqIrpicNa is 1:1, which gives a VOC 
of 0.59 V and a higher JSC than the reference device.  
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Figure 7.10. Current density–voltage (J–V) characteristics in the dark of the P3HT:PCBM devices 
with different ratios of additives. 
 
7.4. Conclusions 
In conclusion, a small amount of added pqIrpicNa and PEO enhanced the performance of BHJ solar 
cells because of their multifunctional abilities. Specifically, they have the ability to function as an 
energy donor, reduce the energy barrier between the active layer and the metal electrodes by the 
movement of sodium cations, and improve the morphology. The optimal ratio of pqIrpicNa to PEO was 
experimentally determined to be 1:1 in the solar cell devices, resulting in 20% and 10% increases in the 
JSC and PCE, respectively, compared to the reference device without additives. The triplet-singlet 
energy transfer efficiency from pqIrpicNa to P3HT reaches 99%, which enhances the IPCE, i.e., the 
MLCT absorption region of pqIrpicNa between 350 and 450 nm. Adding pqIrpicNa and PEO resulted 
in an increase in the nanophase segregation and mobility of sodium cations through the PEO ion 
channels, which allow for easy collection at the electrodes. Overall, this study demonstrates that 
carefully chosen additives in BHJ solar cells give more control over the morphology and diffusion 
length within the cells, resulting in devices with improved characteristics. 209  
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Chapter 8. Hybrid Solar Cells Fabricated with Amorphous Silicon and 
Fullerene Derivative 
 
8.1. Research back ground 
Hybrid solar cells, based on organic and inorganic semiconductors, are a promising way to enhance the 
efficiency of solar cells because they make better use of the solar spectrum and are straightforward to 
fabricate. We are reporting on a new hybrid solar cell comprised of hydrogenated amorphous silicon 
(a-Si:H) and PC71BM, and poly PEDOT:PSS. The properties of these PEDOT:PSS/a-Si:H/PC71BM 
devices were studied as a function of the thickness of the a-Si:H layer. It was observed that the open 
circuit voltage and the short circuit current density of the device depended on the thickness of the a-
Si:H layer. Under simulated one sun AM 1.5 global illumination (100 mW/cm2), a power conversion 
efficiency of 2.84% was achieved in a device comprised of a 274 nm-thick layer of a-Si:H; this is the 
best performance to date for a hybrid solar cell made of amorphous Si and organic materials. Solar 
energy has been regarded as one of the best sources of green energy since sunlight is clean, abundant, 
and limitless. Solar cells can continue to operate reliably for many years with very low-maintenance 
costs. Conventional solar cells are mostly based on crystalline silicon (Si) which usually require high 
purity Si materials and complicated processes to fabricate p–n junctions; thus, they are not cost-effective 
for widespread utilization. Recently, organic solar cells composed of polymers and fullerene derivatives 
have been studied extensively, and have achieved power conversion efficiencies exceeding 8%.30, 
210Advantages of solar cells made of organic materials include straightforward fabrication, light weight 
devices, and device flexibility.210 Beyond solar cells made soley of organic materials, organic and 
inorganic semiconductor hybrid systems have recently attracted considerable attention211, 212 and aim to 
combine the advantages of organic and inorganic materials.213 Various promising hybrid solar cells have 
been studied, including devices which utilized conjugated polymers with Si, cadmium selenide (CdSe), 
lead sulfide (PbS), and lead selenide (PbSe).214, 215 Among these hybrid systems, Si-based hybrid cells 
are particuarly attractive. Previous efforts to fabricate Si-based hybrid systems were fabricated by 
pairing Si nanoparticles, nanorods, or hydrogenated amorphous silicon (a-Si:H) with conjugated 
polymers like P3HT and poly[2- methoxy-5-(2'-ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV).216, 
217 Of Si-based devices, those fabricated with hydrogenated amorphous silicon (a-Si:H) are attractive 
because of thin films of a-Si:H can be fabricated at low temperatures, are low cost, and they are 
compatible with flexible substrates. However, previous efforts that reported relatively poor 
performances using a-Si:H. More specifically the McGehee group has fabricated hybrid bilayer solar 
cells consisting of P3HT or MEH-PPV with a-Si:H which resulted PCE of 0.16% and 0.21%.217 In this 
work, we advance the area of hybrid solar cells by offering a novel hybrid solar cell comprised of a-
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Si:H and PC71BM, and PEDOT:PSS. Our cell mimics a p-i-n stack type of solar cell in which the 
PEDOT:PSS, PC71BM, and a-Si:H serve as the p-type layer, n-type layer, and i-layer, respectively. In 
the course of our study to determine the optimal configuration for our novel hybrid solar cell, we 
controlled the thickness of the a-Si:H layer by varying the deposition time (from 10 to 50 min) in plasma 
enhanced chemical vapor deposition (PECVD). It was observed that an optimal thickness for a-Si:H 
was 274 nm which was achieved by deposition by PECVD for 30 min. At this thickness, the hybrid 
solar cell demonstrated a JSC of 9.77 mA/cm2, VOC of 0.58 V, FF of 0.50 and PCE of 2.84%. This is the 
first demonstrated architecture of the hybrid solar cell with PEDOT:PSS, PC71BM, and a-Si:H. 
Furthermore, the efficiency of our hybrid solar cell is the best performance reported to date. 
 
8.2. Experimental 
ITO-coated glass substrates were cleaned with detergent, then sonicated in distilled water, acetone and 
80 isopropyl alcohol and dried overnight in an oven. Next, an aqueous solution of PEDOT:PSS was 
spun-cast to form a film with a thickness of approximately 40 nm. The films were annealed for 10 min 
at 140 ºC in air. The PEDOT:PSS coated ITO films were loaded into a PECVD chamber and heated to 
200 ºC prior to the thin film Si deposition. Pure silane SiH4 with a flow rate of 42.3 sccm, H2 155 sccm 
and 450 mTorr were used for the a-Si:H layer deposition, and five sets of devices were prepared then 
transferred into a nitrogen filled glove-box; the deposition conditions are given in Table 1. Next, 
PC71BM was deposited from solution dissolved in dichlorobenzene on top of the a-Si:H layer. The 
concentration used for most samples was 12 g/ml, which resulted in thicknesses ranging from 10 to 15 
nm. Devices were 10 completed by thermal evaporation of Al cathodes (~100 nm thick) at a base 
pressure of 10–6 torr. Measurements were carried out with the solar cells inside the glove box by using 
a high quality optical fiber to guide the light from the solar simulator equipped with a Keithley 2635A 
source measurement unit. The solar cell devices were illuminated at an intensity 100 mW/cm2 and AM 
1.5G using a high quality optical fiber coupled to a Xenon arc lamp. The UV-vis absorption was 
maeasured using Varian 500E. The EQE was measured as a function of the wavelength from 300 to 
800 nm using a Model QEX7 system (PV Measurements Inc.), and spectroscopic ellipsometry (J.A 
Woollam Co. M2000V) for the optical simulation was performed with Matlab. The refractive index (n), 
and absorption coefficient (k) were inserted to calculate the formula in the Matlab. 
 
8.3. Results and discussion  
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A novel hybrid solar cell structure, consisting of a p-i-n stack that is commonly used in conventional 
inorganic solar cells, has been investigated. In this work, the PEDOT:PSS, 30 PC71BM, and a-Si:H 
served as the p-type layer, n-type layer, and i-layer, respectively.217 
 
 
Figure 8.1. (a) Device structure, (b) HR-TEM cross-section image, (c) energy band diagram, (d) 
alignment of energy levels under the short circuit conditions, of the PEDOT:PSS/a-Si:H(274 
nm)/PC71BM hybrid solar cell. 
 
The structure of the PEDOT:PSS/a-Si:H/PC71BM hybrid solar cell and a crosssectional image taken by 
high resolution transmittance electron microscopy (HR-TEM) are depicted in Figure 8.1a and  b, 
respectively. Figure 8.1b shows that the individual layers of our device were formed sucessfully and 
that each layer was clearly defined. As shown in Figure 8.1c, the energy band diagram of PEDOT:PSS, 
a-Si:H, and PC71BM allows exciton dissociation at the interface energetically. In the short circuit 45 
condition, the energy band alignment of the components is illustrated in Figure 8.1d. Typically, in 
hybrid solar cells, the LUMO level of the polymer must be above the conduction band of the inorganic 
material in the devices to flow the generated current. However, the structure of our device is unique in 
that the Fermi level of PEDOT:PSS is above the valence band edge of a-Si:H and the LUMO level of 
PC71BM, which is placed below the a-Si:H conduction band edge. Therefore, the generated electrons 
and holes can flow to Al and ITO, respectively, without inherent hindrance. The UV-vis absorption 
spectra of the a-Si:H, PC71BM, and a-Si:H/PC71BM layers is presented in Figure 8.2. The absorption of 
a-Si:H/PC71BM bilayer film is attributed to strong absorption of a-Si:H. The thickness of a-Si:H was  
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controlled by the deposition time, from 10 to 50 min, with PECVD and the detailed conditions are 
described in the experimental section and in Table 8.1. The a-Si:H thickness was determined by 
spectroscopic ellipsometry, and the error range was less than 10%. 
 
 
Figure 8.2. Absorption spectra of a-Si:H, PC71BM and a-Si:H/PC71BM. 
 
Table 8.1. Typical parameters for deposition of silicon layers using PECVD 
 
Figure 8.3 shows the current density as a function of voltage (J–V) for our hybrid solar cells. To improve 
the performance of our a-Si:H/PC71BM hybrid solar cells, we introduced thermal annealing treatment 
at 150°C after the device fabrication. The data before the thermal treatment are presented in Figure 8.4 
and Table 8.2, and we observed that the performance was enhanced after thermal treatment. Many 
researchers have demonstrated improvement in organic and hybrid solar cell efficiency following 
thermal annealing, primarily in the form of increasing JSC and FF. 218 It is believed that thermal treatment 
increases the bonding strength and contact area between the electrode and the active layer thereby 
improving the device’s performance.219 In addition, in this work we assume that the thermal annealing 
Deposition time 
(s) 
Pressure 
(mTorr) 
a-Si:H thickness 
(nm) 
Flow SiH4 
(sccm) 
H2 
(sccm) 
RF power 
(W) 
600 
450 
81 
42.3 155 70 
1200 183 
1800 274 
2400 380 
3000 475 
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induces the diffusion of Al atoms into the PC71BM layer to form a thin interlayer between them. This 
Al diffusion reduces the contact  resistance between the Al electrode and the active layer.218 The results 
of JSC, VOC, FF, and PCE are summarized in Table 8.3. Normally it is known that 100–200 nm is a good 
thickness for the intrinsic layer in a conventional a-Si solar cell. In this study, increasing the thickness 
of the a-Si:H layer had a  positive effect on the performance up to 274 nm, including a significant 
improvement of the JSC and VOC. On the other hand, devices with a a-Si:H layer thickness above 274 
nm diminished the performance, including a diminished JSC and VOC.  
 
 
Figure 8.3. Current density–voltage (J–V) characteristics of the a-Si:H/PC71BM devices with different 
thicknesses of 81–475 nm measured under AM 1.5G illumination from a calibrated solar simulator with 
irradiation intensity of 100 mW/cm2. 
Table 8.2. Current density–voltage (J–V) characteristics of the a-Si:H/PC71BM devices with different 
thickness 81–475 nm before thermal annealing at 150˚C measured under AM1.5G illumination from a 
calibrated solar simulator with irradiation intensity of 100 mW/cm2 
a-Si:H /PC71BM a-Si:H thickness 
JSC 
(mAcm-2) 
VOC 
(V) 
FF 
Efficiency 
(%) 
treatment 
81 nm 8.16 0.50 0.49 1.99 
183 nm 8.56 0.55 0.49 2.31 
274 nm 9.11 0.56 0.49 2.51 
380 nm 8.64 0.55 0.49 2.32 
475 nm 8.14 0.50 0.48 1.98 
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In most polymer bilayer solar cells, a 20–35 nm-thick layer of fullerene derivatives layer is fabricated; 
his thickness is thinner than the donor polymer layer because the traveling distance of the holes to 
extract is further than that of the electrons.220 In other words, it is the conduction and/or extraction of 
electrons that ultimately limits the performance of the device. For our hybrid solar cells, 10 nm of 
PC71BM thickness is an optimal condition. However, increasing the thickness of PC71BM layer to 
around 20 nm is not found to increase in the performance as shown in Figure 8.5 and Table 8.4. We 
have also compared the performance with different p-type materials as shown in Table 8.5.  
 
 
 
 
Figure 8.4. Current density–voltage (J–V) characteristics of the a-Si:H/PC71BM devices with different 
thickness 81–475 nm before thermal annealing at 150˚C measured under AM1.5G illumination from a 
calibrated solar simulator with irradiation intensity of 100 mW/cm 
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2.Figure 8.5. Current density–voltage (J–V) characteristics of the a-Si:H/PC71BM devices with 274 nm 
of a-Si:H thickness and around 20 nm thickness of PC71BM measured under AM1.5G illumination from 
a calibrated solar simulator with irradiation intensity of 100 mW/cm2. 
 
Table 8.3. Photovoltaic parameters of the a-Si:H/PC71BM devices with different thickness 
Thermal annealing  
a-Si:H thickness 
(nm) 
JSC 
(mA cm-2) 
VOC 
(V) 
FF 
Efficiency 
(%) 
150˚C 
81  8.55 0.54 0.48 2.22 
183  8.98 0.56 0.51 2.55 
274  9.87 0.58 0.50 2.84 
380  8.94 0.54 0.50 2.40 
475 8.49 0.51 0.49 2.12 
 
Table 8.4. Photovoltaic parameters of the a-Si:H /PC71BM devices with 274 nm thickness of a-Si:H of 
and around 20 nm of PC71BM before thermal annealing at 150˚C 
a-Si:H /PC71BM 
a-Si:H 
thickness 
Annealing 
treatment 
JSC 
(mAcm-2) 
VOC 
(V) 
FF 
Efficiency 
(%) 
 274 nm 
x 8.53 0.50 0.48 2.03 
150˚C 9.08 0.52 0.50 2.35 
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Under one sun AM 1.5G illumination, devices with a 274 nm thickness of a-Si:H and 10 nm PC71BM 
showed a PCE of 2.84% with the JSC, VOC, and FF of 9.87 mA cm-2, 0.58 V, and 0.50, respectively. In 
fact, devices with a 274 nm layer of a-Si:H showed a 30% enhancement in PCE compared to devices 
with a 81 nm thickness of a-Si:H. Furthermore, the value of JSC was also significantly improved even 
though a flat ITO substrate was utilized.  
 
 
Figure 8.6. EQE spectra of a-Si:H/PC71BM solar cells with different thicknesses of a-Si:H layers. 
 
To estimate the JSC of our hybrid solar cell devices, the EQE was measured (Figure 8.6). The highest 
JSC was obtained in devices that had a 274 nm-thick layer of a-Si:H. In addition, these devices reached 
a 74% EQE at a wavelength of 470 nm. In our EQE spectra, because we utilized the flat ITO substrates, 
interference patterns were observed which originated from optical interference between the incident 
light and light that back-reflected from the metal electrode. We also measured the reflectance spectra 
of the solar cells to confirm the interference effect (Figure 8.7). 
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Figure 8.7. Comparing reflectance spectra of the solar cells with a-Si:H of different thickness.  
  
Good agreement between the interference patterns, the reflectance, and the EQE spectra permits a 
quantitative estimate of the fraction of the incident light absorbed by the photoactive layers at each 
wavelength. In general, light absorption in a thin film solar cell can be greatly affected by optical 
interference when the device is optically thin and has a highly reflective back electrode. Moreover, the 
JSC is related to the optical properties and the active layer thickness.221 Our a-Si:H/PC71BM hybrid solar 
cells have thin layers of only around 100–500 nm and an Al electrode which has a high reflectivity. If 
we use textured transparent conductive oxide substrates for the electrode of our a-Si:H/PC71BM solar 
cells, we would not observe the interference effect by scattering and could achieve a higher current 
density. To determine the change of the intensity of the electromagnetic field in the active layer, we 
compared the profile of the square modulus of the electromagnetic field amplitude versus the thickness 
of a-Si:H at wavelengths of 400 to 750 nm in the mesh image (see Figure 8.8). The inputs to the model 
include the index of refraction n (λ), the extinction coefficient k (λ), the thickness of each layer, the 
spectral irradiance, angle of incidence, and polarization of the illumination. The details for the 
calculation of the light field distribution was performed according to the literature.222 Optical constants 
(n, k) of each layer (ITO, PEDOT:PSS, a- Si:H, and PC71BM) have been determined by ellipsometric 
measurements and were used as input parameters by our software model (MATLAB). Ellipsometry 
consisted of in 10 fitting the dielectric functions obtained from the reflection spectrum. Figure 8.8 shows 
the modulation of the electromagnetic field of the mesh image and the profiles of the electric field at 
480, 580, and 680 nm in a device with a- Si:H of 274 nm in thickness.  
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Figure 8.8. Model output for the device consisting of ITO/PEDOT:PSS/a-Si:H (274 nm)/PC71BM/Al. 
Modulus square of the electric field (V2 cm-2). (a) Mesh image and (b) plot image. 
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Figure 8.9. Mesh image and plot images of the model output for the device consisting of 
ITO/PEDOT:PSS/a-Si:H/PC71BM/Al with different thickness of a-Si:H. Modulus squared of electric 
field (V2 cm-2). (a) 81 nm, (b) 183 nm, (c) 380 nm, and (d) 475 nm.   
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Modulation results for devices with different thicknesses of a-Si:H are presented in Figure 8.9. The 
intensity of the electromagnetic field is high in the PEDOT:PSS, ITO, and a-Si:H layer and the 
electromagnetic field continuously decreases in the PC71BM layer to finally decay to zero in the 
aluminum electrode layer. For devices with a 274 nm-thick a-Si:H layer, the relative intensity of the 
optical field distribution across the active layer was higher than the other configurations (see and 
compare with Figure 8.9. This is consistent with the JSC results of J–V characteristic and the EQE in 
Figure 8.3 and Figure 8.6. Figure 8.10 shows the J–V characteristics of the solar cells with different 
thicknesses of a-Si:H in the dark. The VOC depends on the J0 and JSC can be calculated from equation 
3.1. We measured the J–V curves in the dark to characterize the relation between the J0 and the VOC at 
different thicknesses of a-Si:H layer (81–475 nm). The diode saturation current density, extracted from 
the intercept on the vertical axis from the log current–voltage graph (Figure 8.10), falls from a high of 
100 to 10-2 mA/cm2.  
 
 
Figure 8.10. Current density–voltage (J–V) characteristics in the dark of the a-Si:H:PC71BM devices 
with different thicknesses of 81–475 nm. 
 
The result allows us to further conclude that the shift in the curves is related to the thickness of a-Si:H 
layer. The device with a-Si:H layer of 274 nm had the lowest J0 value, leading to the highest VOC value; 
the other devices also followed this trend. 
To understand the role of the thickness of the a-Si:H layer in our solar cells, device performance was 
studied as a function of the layer’s thickness (Figure 8.11). Figure 8.11a indicates that the VOC is related 
to the thickness and the highest VOC value of the diode was obtained with a layer thickness of 274 nm. 
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Moreover, the JSC also increased with the thickness of a-Si:H until 274 nm (Figure 11b). A 
corresponding increase in the JSC was not observed in devices thicker than 274 nm of a-Si:H. Therefore, 
with our flat substrate, a thickness of 274 nm was optimal in our device system. The measured fill factor 
was nearly independent of the thickness of a-Si:H (Figure 8.11a). As a result, the PCE of the devices 
follow the trends observed in VOC and JSC as shown in Figure. 11b 
 
 
Figure 8.11. a-Si:H/PC71BM solar cell performance characteristics of devices with different thicknesses 
of a-Si:H, 81–475 nm are represented. Each data point and associated error bar represent the value and 
standard deviation from a set of five devices. 
 
8.4. Conclusions  
We have demonstrated a new type of hybrid PEDOT:PSS/a-Si:H/PC71BM solar cell and have 
investigated the device’s performance with different thickness of a-Si:H. Devices containing a a-Si:H 
layer of 274 nm in thickness resulted in a power conversion efficiency of 2.84%, the best of all 20 
configurations. In comparison to previous work in the field, an efficiency 2.84% is a significant 
improvement. Furthermore, this work is the first study to use PC71BM and Si:H in an organic-inorganic 
hybrid solar cell. Although the efficiency of our a-Si:H/PC71BM solar cell needs to be further improved 
for high-end applications, this study offers a supportive guideline for further research of hybrid solar 
cells. Therefore, our device indicates that a-Si:H and PC71BM are promising candidates for a new 
category of organic-inorganic hybrid solar cells. 223 
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Chapter 9. High-Efficiency, Hybrid Si / C60 Heterojunction Solar Cells  
9.1. Research Overview 
In recent years, hybrid solar cells consisting of organic and inorganic semiconductors have attracted 
significant research interest,223-229 as they promise to merge the advantages of organic and inorganic 
materials. For instance, inorganic materials have good charge carrier mobilities and low exciton binding 
energies, while organic materials are low cost and easy to process. A number of innovative solar 
technologies have been introduced over the past several decades including inorganic materials such as 
GaAs, CdTe and Cu(In,Ga)Se2, hybrid materials such as PbS quantum dots, dye-sensitized TiO2 and 
methylammonium lead halide perovskites, as well as a wide range of organic semiconductors. Despite 
a tremendous amount of research effort and impressive increases in the efficiencies of all of these new 
technologies, the vast majority of commercially produced solar cells are still based on the same material 
that was used to produce the first commercially manufacture solar cells, silicon. Despite the dis-
advantages of silicon, such as indirect band gap with weak light absorption, a non-optimal band gap 
energy, extreme processing temperature of over 1400 °C and a high sensitivity to impurities, it is 
nonetheless used in over 90% of solar cells produced globally. Thus, hybrid Si device structures which 
are able to reduce the cost or complexity of silicon solar cell manufacture are of considerable interest. 
The processing of silicon solar cell devices can be significantly simplified by creating a hybrid junction 
between a silicon film and an easily processed organic semiconductor layer to create a p-n 
heterojunction, thus avoiding the need for the high-temperature, inert-atmosphere process of diffusing 
reactive dopants into the Si crystal structure to create a p-n homojunction. Various promising hybrid 
solar cells have been studied based on this type of architecture, including devices which utilize Si in 
conjunction with conjugated polymers. In particular, PEDOT:PSS, P3HT, and other polymers have 
been extensively studied as junctions with n-type Si.4, 230-235 Over the past few years, multiple studies 
such as silicon texturing 227, 236 and interface passivation237, 238 have led to notable improvements in PCE 
up to 15.5%.239  
Although most reports on hybrid Si heterojunctions have used n-type Si, the alternative model, 
consisting of p-type Si topped with an easily processed n-type organic materials offers a key advantage. 
The minority carrier (electron) diffusion length is larger in p-type silicon than the minority carrier (hole) 
diffusion length in n-type Si; meaning that photo-generated electron hole pairs can be collected further 
from the p-n junction when p-type Si is used rather than n-type Si; this effect leads to lower carrier 
recombination rates, increased photocurrent collection and better device performance. Additionally, p-
type Si is a preferable option due to its low cost compared to n-type Si. 
C60 and its derivatives are good candidates as n-type acceptors to use in hybrid solar cells with p-type 
Si, because C60 is known to exhibit n-type semiconductor behavior while possessing a high electron 
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affinity (2.65 eV); several studies have investigated this type of architecture.240-243 These studies have 
investigated various aspects of the C60/Si system including their interfaces, electrical properties and 
photovoltaic properties. Such Si/fullerene devices have displayed a remarkable rectifying effect in the 
dark and significant photo-response under illumination. However, these initial efforts to fabricate hybrid 
solar cells composed of p-type Si and an n-type organic material have not yet yielded the high power 
conversion efficiencies that one might expect.244 For example, E. A. Katz has reported hybrid solar cells 
consisting of C60 with p-Si, which yielded PCE of 0.023%.242  
In this work, a hybrid solar cell system based on p-Si coated with C60 is presented. p-Si / C60 hybrid 
solar cells were fabricated using a thin layer of C60 deposited by thermal evaporation on top of p-type 
Si. Device fabrication parameters were explored and optimized including an investigation of 
photovoltaic properties by current–voltage and capacitance–voltage methods. The effect of C60 
thickness was investigated, as well as treatment of the C60 layer with an n-doping agent 
(tetrabutylammonium iodide, TBAI) and aging in an N2 environment. TBAI is an effective n-doping 
agent which has been used to mildly n-dope solution processed PCBM films.245 Here, we have utilized 
TBAI as a thin interfacial layer on top of C60 by spin coating. Devices subject to a 5 day aging treatment 
in N2 and an interfacial TBAI layer between C60 and top electrode yielded the best performance. The 
structure of the devices was characterized using cross high resolution transmittance electron 
spectroscopy (HR-TEM) to verify the interfacial characteristics and thickness of each layer. 
Additionally, electrical characteristics including J–V and capacitance-voltage (C–V) behavior were 
investigated in order to develop an understanding of the junction formation and carrier depletion in the 
devices. Improvements in device performance were realized by applying anti-reflection coatings to 
optimized devices in order to reduce reflective losses. The VOC, JSC, FF, and PCE of optimized devices 
prepared in this manner were measured to be 0.50V, 25.1 mAcm-2, 67% and 8.43%, respectively. These 
values are by far the highest reported PCEs reported for hybrid solar cells comprising p-type Si and n-
type organic compounds to date. 
 
9.2. Experimental 
All devices were fabricated on 350 μm thick, single-side polished, p-type (100)-oriented single crystal 
silicon wafers with resistivity of 1 –5 Ω-cm. The Si substrates were consecutively ultrasonically cleaned 
in acetone and isopropyl alcohol for 20 min each, followed by immersing into a solution of H2 SO4/H2O2 
to ensure surfaces were free of any residual material. The native oxide was removed by soaking the 
samples in a 2% HF solution for 2 min. Samples were then transferred immediately into a glove box. 
Using thermal evaporation, a 100 nm thick Al layer was deposited onto the back side of the Si wafer 
serving as the back contact for the fabricated device. C60 was then thermally evaporated, and devices 
were aged in an N2 filled glove box with less than 20 ppm of oxygen or H2O. A TBAI layer was 
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deposited by spin-coating from a solution in chloroform (1mg/1ml) at 3000rpm for 30s on top of the 
C60 layer. Devices were completed by thermal evaporation of an Al grid top electrode. (0.13cm2) 
Measurements were carried out with the solar cells inside a glove box using a high quality optical fiber 
guide simulated AM 1.5G light produced by a Xenon arc lamp to solar cell samples with a calibrated 
intensity of at an intensity 100 mW/cm2. J–V curves were measured with a Keithley 2635A source 
measurement unit. EQE was measured in the spectral range of 300 to 1100 nm using a Model QEX7 
system (PV Measurements Inc.). The C–V measurements were carried out using an (VSP classic, Bio-
Logic) impedance analyzer. 
 
9.3. Result and Discussion 
The solar cell architecture that we have investigated comprises a typical p-n heterojunction stack using 
an absorbing, lightly p-doped (2.56 × 1015 cm-3) silicon layer with an ultra-thin (10-40 nm), n-type C60 
layer and an aluminum grid top cathode, as illustrated in Figure 9.1a. A thin TBAI layer was also 
employed atop the C60 layer in some devices. A cross-sectional specimen of the device, prepared by 
focused ion beam milling, was examined by high-resolution transmission electron microscopy, as 
shown in Figure 9.1b, confirming the thickness and uniformity of each layer.  
A simplified energy band diagram is shown in Figure 9.1c. Here, we have taken the valence and 
conduction band energies of silicon to be 5.17 and 4.05 eV relative to vacuum, respectively. A bottom, 
aluminum anode contact was used, creating back-surface-field contact via diffusion of Al3+ ions into 
the bottom interface of the Si layer, which effectively causes pinning of the anode Fermi level near the 
valence band energy of Si.246 The LUMO band of C60 lies ~200-300 meV below the conduction band 
of Si, providing a suitable driving potential for electron transfer across the Si/C60 interface. Additionally, 
the relatively deep HOMO band of C60 effectively blocks holes in the Si phase from reaching the 
cathode.  
Incident photons pass through the grid electrode and thin C60/TBAI layers and are absorbed in the 
silicon layer. The absorption of light in the silicon layer was modeled based on the optical properties of 
silicon; 247 this data is presented as two dimensional schematic diagram in Figure 9.1d, showing a bright 
region of charge generation only very near the top surface. It is noteworthy that the generation rate 
exceeds 1 × 1021 cm-3s-1 at this top interface, and over 70% of the charge carriers are generated within 
10 μm of the top of the Si layer. Although the generation rate drops off rapidly away from the top 
interface, a significant carrier generation rate is found throughout the thickness of the device, and the 
carrier generation rate remains above 1 × 1017 cm-3s-1 even at the back interface.  
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Figure 9.1. Structure and band diagram of p-Si/C60 hybrid solar cells. (a) Schematic device architecture. 
(b) TEM image showing descrete layers in the device stack. (c) Simplified band diagram. (d) Charge 
carrier generation rates in device. (e) Static electric potential contour lines in device. 
 
A plot of the logarithm of charge carrier generation rates vs thickness can be found in the supporting 
information (Figure 9.2). Photo-generated electron – hole pairs in the Si layer have a weak binding 
energy of ~15 meV, and freely move about the silicon layer at room temperature under the influence of 
drift and diffusion processes. The high generation rate of both electrons and holes at the top interface 
creates a sharp concentration gradient, causing a strong diffusion current of both carrier types and away 
from this interface. Although the band diagram in Figure 9.1c implies that the electric field across the 
device is 1-dimensional, this is not the case, as the Fermi level is pinned to the LUMO band of the C60 
layer only where it is in contact with the Al cathode. Thus, the electric field through the device varies 
in 3 dimensions according to the geometry of the electrodes, and the electrons and holes generated in 
the Si layer drift under the influence of this field. The static electric potential distribution in this device 
architecture was modeled using the drift-diffusion model solved via a partial differential equation solver; 
this static potential distribution and is show in Figure 9.1e. It is noteworthy that there is a significant 
horizontal gradient in electrical potential near the Al grids, which would draw electrons towards the 
grid and drive holes away even prior to charge separation.  
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Figure 9.2. Charge carrier generation rate vs depth in the Si layer. 
 
The distance between the grid lines in these devices is close to 1000 μm, which is typical for solar cells 
which employ semi-transparent grid electrodes. Most inorganic heterojunction solar cells which use 
grid electrodes employ a top window layer with a high electron mobility underneath the grid; this allows 
electrons which have crossed the p-n junction and reached the top interface to quickly travel across the 
top surface of the device and reach the grid electrodes without recombining. The situation in this device 
is somewhat different. The electron mobility of the C60 layer is on the order of 10-2 cm2/Vs, which is 
about 5 orders of magnitude less than the Si layer (~1000 cm2/Vs). The very thin nature of the C60 layer 
additionally leads to high resistivity to electron transport in the horizontal direction. Thus, electrons 
which reach the top C60 layer in between the grid electrodes are immobilized, and it must be presumed 
that electron transport towards the grid electrodes occurs primarily within the Si layer, before charge 
separation occurs across the C60 interface. Because electrons are only able to exit the device at the grid 
contacts, this results in a lower concentration of electrons in the silicon layer near the grid contacts. 
Thus, electrons are driven towards the grids via diffusion caused by this concentration gradient in 
addition to the electric field produced by the grid. Meanwhile, the high concentration of carriers at the 
top interface, as well as the electrical field in the device, cause photogenerated holes to move towards 
the bottom anode contact. 
To evaluate the hybrid solar cell performance dependence on the thickness of C60, we fabricated hybrid 
devices with different thickness of C60 (from 10nm to 40nm). Each device was additionally aged for 5 
days. J–V characteristics and a summary of device parameters shown in Figure 9.3 and Table 9.1, 
respectively. A thin layer of C60 was chosen for because the charge mobility of C60 is some 5 orders of 
magnitude lower than the Si layer and thus the current through the device is limited by electron transport 
through the C60 layer. Devices with a C60 layer thicker than 20 nm show significantly decreased 
0 100 200 300 400 500
10
16
10
17
10
18
10
19
10
20
10
21
10
22
G
e
n
e
ra
ti
o
n
 R
a
te
 (
#
*c
m
-3
s
-1
)
Position (m)
 Generation Rate
９７ 
 
performance. Notably, the fill factor decreased dramatically as the C60 layer thickness increased. This 
decrease in FF indicates increased electron-hole recombination, which is consistent with decreased 
conductivity through the thicker C60 film; the thicker C60 layer retards electron extraction and a relative 
buildup of electrons near the grid electrodes occurs which promotes charge recombination.  
 
Figure 9.3. J–V Characteristics of p-Si/C60 hybrid solar cells with different thickness of C60. 
 
Table 9.1. J–V Characteristics of Si/C60 hybrid solar cells with 5days aging 
C60 
(nm) 
Aging 
(day) 
JSC 
(mA/cm2) 
VOC 
(V) 
FF 
Eff. 
(%) 
10 
0 13.24 0.35 0.47 2.16 
5 19.10 0.50 0.60 5.67 
20 
0 12.57 0.34 0.52 2.10 
5 13.73 0.41 0.63 3.60 
30 
0 10.90 0.39 0.37 1.57 
5 15.16 0.44 0.52 3.35 
40 
0 12.98 0.38 0.28 1.38 
5 15.82 0.41 0.41 2.70 
 
A thickness of 10 nm in the C60 layers was used in subsequent device optimization. In this study, we 
observed that aging devices in a nitrogen atmosphere after deposition of C60 had a positive effect on 
device characteristics for devices aged up to 5 days, including a significant improvement of the JSC and 
VOC. Further aging beyond 5 days resulted in a gradual decrease in JSC and VOC. J–V characteristics of 
devices aged for different amounts of time are reported in Figure 9.4 and the results are summarized in 
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Table 9.2. Devices aged for 5 days yielded the highest PCEs, which indicates the sensitivity to the aging 
time with respect to the performance of the solar cells. Devices aged for 5 days yielded a PCE of 4.52% 
with a JSC, VOC and FF of 16.64 mA cm-2, 0.46V and 0.59, respectively, indicating a 48% efficiency 
enhancement compared to the device without againg. We assume that the aging effect arises from 
passivation of dangling bonds and trap states on the Si substrate by a trace amount of oxygen or H2O 
contained in the N2 glove box.248 Furthermore, we infer that the observed peak in performance after 5 
days of aging likely corresponds to optimal passivation of silicon surface, whereas direct exposure to 
air, or prolonged aging lead to the formation of a native SiOx layer, which inhibits electron transfer 
across the Si / C60 interface, disrupting the p-n junction and leading to the observed decrease in device 
performance.  
 
 
Figure 9.4. J–V Characteristics of p-Si and p-Si/C60 hybrid solar cells with different N2 aging time. 
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Table 9.2. J–V Characteristics of p-Si/C60 hybrid solar cells with different N2 aging time  
C60 
(10nm) 
Jsc 
(mA/cm2) 
Voc 
(V) 
FF 
Eff. 
(%) 
Si 4.87 0.27 0.54 0.73 
1day 13.24 0.35 0.47 2.16 
2day 15.37 0.37 0.48 2.75 
3day 15.81 0.38 0.54 3.42 
4day 16.31 0.45 0.54 3.83 
5day 16.64 0.46 0.59 4.52 
6day 15.19 0.44 0.61 4.07 
7day 14.02 0.42 0.59 3.49 
8day 12.19 0.41 0.58 2.92 
 
In addition to aging, we observed that the introduction of a thin TBAI on top of the C60 layer as an 
electron extracting interfacial layer significantly improved the performance of the devices. TBAI has 
good solubility and stability and has been demonstrated as an effective n-doping interfacial layer when 
solution processed with PCBM films. Successful n-doping has been demonstrated using this material 
without the need for harsh reagents (such as alkali metals) which have historically been used to n-dope 
C60.245 This TBAI layer likely functions by two important mechanisms; first, n-doping of the C60 layer 
is expected to benefit the device by extending the depletion width deeper into the Si layer, while 
improving conductivity and electron extraction rates through the C60 layer by increasing the number of 
free electrons. Secondly, this type of ionic layer is known to form interfacial dipoles, which act to shift 
the vacuum level at the cathode, thereby by reducing the effective work function of the top electrode 
and increasing the VOC. 249, 250 
Devices with TBAI treatment exhibited improved performance compared to devices without TBAI 
treatment, as shown in Figure 9.5a and Table 9.3. All of the aged devices with TBAI showed better 
performance than devices without a TBAI layer. Optimal results were obtained in devices with a TBAI 
layer (~20nm) in addition to 5 days of aging. These devices yielded a PCE of 5.67% including a JSC, 
VOC and FF of 19.10 mA cm-2, 0.50 V and 0.60, respectively. In order to characterize the spectral 
photocurrent response of the devices, the EQE was measured for high performing cells as well as a 
reference cell (Figure 9.5b). A clear enhancement of the JSC is evidenced by the higher EQE values for 
aged devices with TBAI.  
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Figure 9.5. (a) J–V Characteristics of p-Si/C60 hybrid solar cells with different N2 aging time and 
insertion of TBAI and (b) EQE of reference p-Si/C60 hybrid solar cells and the highest performance 
hybrid solar cells. 
 
Table 9.3. Characteristics of p-Si/C60 hybrid solar cells with 5day-aging and insertion TBAI 
C60 
(10nm) 
Jsc 
(mA/cm2) 
Voc 
(V) 
FF 
Eff. 
(%) 
1d+TBAI 15.80 0.43 0.55 3.68 
2d+TBAI 16.23 0.45 0.56 4.05 
3d+TBAI 16.56 0.49 0.58 4.70 
4d+TBAI 16.97 0.49 0.61 5.09 
5d+TBAI 19.10 0.50 0.60 5.67 
6d+TBAI 17.64 0.48 0.61 5.01 
7d+TBAI 15.88 0.44 0.59 4.17 
8d+TBAI 13.76 0.44 0.56 3.42 
 
In order to investigate these phenomena in greater detail, we have calculated the series and shunt 
resistances (RS and RSH, respectively) for devices aged for various amounts of time, with and without 
TBAI interfacial layers, using J–V curves collected in the dark. These data are shown in Figure 9.6 
while RS and RSH are values for these devices are summarized in Table 9.4. The RS for the 5-day aged 
hybrid solar cells with and without a TBAI interfacial layer are 1.61 Ω cm2 and 2.63Ω cm2, respectively. 
The RSH for the 5-day aged hybrid solar cells with and without a TBAI interfacial layer are 6535.9 Ω 
cm2 and 13568.5 Ω cm2, respectively. The RS in devices with a TBAI interfacial layer is smaller than 
cells without the TBAI interfacial layer, which is consistent with n-doping and increased conductivity 
in the C60 layer. The RSH in devices with the TBAI interfacial layer is larger than the cells without the 
TBAI interfacial layer, which is also consistent with n-doping in the C60 layer and an increased depletion 
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width in the Si layer. Moreover, 5-day aged devices showed additional decreases in RSH and increases 
in RS compared to un-aged devices.  
 
 
Figure 9.6. J–V characteristics in the dark of the hybrid solar cells with different aging times. 
 
Table 9.4. Rs and Rsh of the hybrid solar cells with and without TBAI treatment 
 Day 1 2 3 4 5 6 7 8 
RS 
(Ω-cm2) 
Non 5.58 3.77 3.11 2.88 2.63 2.63 3.63 3.97 
TBAI 4.76 3.60 2.98 2.81 1.09 1.61 5.06 5.20 
RSH 
(Ω-cm2) 
None 925.9 1416.4 1715.2 5330.5 6535.9 3229.9 3030.3 1829.1 
TBAI 2386.6 4016.0 6369.4 7017.0 13568.5 8347.24 5224.3 5128.2 
  
In order to obtain further insight into the device properties, the J–V characteristics (Figure 9.6) were 
further modeled using the Shockley diode equation. The VOC depends on the J0 and JSC according to 
equation 3.1. It is clear from Eq. 3.1 that VOC strongly depends on the J0 of the solar cell. The JSC 
typically exhibits a relatively small variation compared to J0, which may vary by orders of magnitude. 
J0 is strongly dependent on recombination rates in the solar cell, so the VOC likewise significantly 
influenced by recombination in the device. In other words, to attain high VOC, the J0 must be as low as 
possible. J–V curves collected for devices with the different aging times were analyzed in relation to J0 
and VOC. We observed that the currents in the dark vary significantly with different aging times. The 
diode saturation current density, extracted from the intercept on the vertical axis from the log current–
voltage graph, falls from a high of 10-3 to 10-4mA cm-2 for the diode with 5 days of aging. This allows 
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us to further conclude that the shift in curves is related to the aging time. The devices that were aged 
for 5 days have the lowest J0 value and the highest VOC value; consistent with trap site passivation and 
reduced carrier recombination in aged devices.  
To study the effect of aging treatment, we have fabricated transistor devices with C60 and 5-day aged 
C60. In native non-aged C60 device there is an n-type nature, and this n-type character slightly increased 
over time with the aging. The highest mobility is 0.0424 cm2s-1V-1 from 5-day aged C60, and the result 
is presented in Figure 9.7 and Table 9.5.  
 
 
 
Figure 9.7. Transport characteristics of FETs fabricated using C60 and C60 with N2 aging treatment. 
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Table 9.5. FET characteristics of C60 with different N2 aging time 
Aging time 
Mobility 
(cm2s-1V-1) 
Ioff 
(A) 
Ion 
(A) 
Ion/Ioff 
VT 
(V) 
1 day 0.00891 8.79E-12 3.11E-06 3.54E+05 21.4 
2 day 0.00927 7.45E-12 2.85E-06 3.82E+05 24.2 
3 day 0.0118 9.34E-12 3.94E-06 4.22E+05 26.2 
4 day 0.0302 3.40E-11 6.61E-06 1.95E+05 21.9 
5 day 0.0424 2.23E-11 9.98E-06 4.47E+05 11.48 
6 day 0.0328 8.57E-12 1.60E-05 1.87E+06 18.6 
7 day 0.0335 5.91E-12 1.03E-05 1.75E+06 16.45 
8 day 0.0350 4.12E-12 1.39E-05 3.37E+06 21.36 
 
To obtain insight into junction properties and to determine the width of the depletion layer (W) and 
the activated carrier density (N) of the depletion layer in p-Si/C60 pn-junctions, we have studied Mott-
schottky-voltage (MS) and capacitance–voltage (C–V) characteristics of the heterostructures. We 
collected these device characteristics using the p-Si/C60 junction. C–V characteristics are a powerful 
method to study the parameters of p-n junctions. The C–V and MS characteristics the hybrid p-Si/C60 
devices (both the 5-day aged devices and the 5-day aged devices with TBAI treatment under dark 
conditions) are shown in Figure 9.8. Other data taken from devices fabricated under different conditions 
are presented in Figure 9.9. From the C–V characteristics of the p-Si/C60 hybrid devices, we have 
calculated the width of the depletion region in these devices. Depletion width (W) of different devices 
at 0 V can be derived from the equation, C = ɛ0ɛrA/W (9.1), where C and A are junction capacitance 
and area of the device, respectively, ɛ0 the free space permittivity, and ɛr is the relative dielectric constant 
of the active layer. ɛr of Si being 11.7251 and that of C60 is 4.4.252  To calculate the depletion width of 
the p-Si/C60 heterojunction device, we first determined ɛr (p-Si/C60) following the Lichtenecker 
logarithmic law of mixing for a composite of two components: log ɛ = ѵ1log ɛ1 + ѵ2log ɛ2 (9.2)253, 254 
where ɛ, ɛ1, and ɛ2 are the relative dielectric constant of the p-Si/C60 heterolayer, p-Si, and C60, 
respectively; here, ѵ1 and ѵ2 are volume fractions of the respective components. The values of the width 
of the depletion region in different devices are listed in Table 9.6. With ɛ of the heterolayer being 11.48, 
the WSi/C60 were calculated to be 1539 (10.0 µm) nm and 1778 (11.6 µm) nm for the 5-day aged devices 
and the 5-day aged with TBAI treatment devices, respectively. The wider depletion region in the device 
with TBAI is consistent with a higher doping in the C60 layer. The larger depletion width indicates that 
the electric field created by the p-n junction extends further into the Si layer when C60 is doped with 
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TBAI than then when no TBAI is used. This enhanced electric field results in faster extraction of 
minority carriers (electrons) near the grid electrodes, which is consistent with the improved FF, as well 
as electrostatic attraction of electrons from deeper within the Si layer, which is consistent with a higher 
short-circuit current density in the devices using a TBAI layer. This explains that the relatively higher 
PCE in p-Si/C60-based devices is due to a wider depletion layer formed at the p-n junction that provided 
a larger volume for dissociation of photo-generated excitons.  
 
 
Figure 9.8. Capacitance-voltage and Mott-schottky-voltage characteristic of p-Si/C60 hybrid device 
with 5days N2 aging and insertion of TBAI. 
 
 Carrier density (N) of the depletion layer of devices can be calculated from the following equation 255: 
Na = (2/q ɛrA2)(dV/dC-2) (9.3) Using equation (9.3), we have calculated acceptor carrier density Na of 
the p-Si/C60 devices. We have obtained Na = 2.3 x1015 cm-3 from the device with both 5 days of aging 
and TBAI treatment. In Table 9.6. The results show that aging and TBAI treatment of the p-Si/C60 
devices result in a wider depletion width and increased activated carrier density of Na is 2.3 x1015 cm-3 
(excellent agreement with the starting wafer specification, ~5 x 1015 cm-3).  
It is widely known that the refractive index (n) of silicon is greater than 3.5 throughout the visible 
spectrum and causes at least 30-40 % of the incident light to be reflected as it reaches the air / Si interface. 
Thus, all high efficiency silicon-based solar cells incorporate some kind of ARC to improve the 
transmission of light through this interface. Although a 10 nm C60 layer exists on top of the silicon in 
the present devices, it is so thin that it has small effect on the optical properties of the devices reported 
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in this work. Thus, we have briefly investigated the use of anti-reflection coatings to improve light 
transmission through the top interface of the devices.  
 
Table 9.6. Built in potential, Carrier density and depletion width of different devices 
 
 
Figure 9.9. Capacitance-voltage and Mott-schottky-voltage characteristics of p-Si/C60 hybrid device 
after days variable N2 aging (a) without and (b) with insertion of a TBAI interfacial layer. 
 
day treatment 
Vbi 
(V) 
W 
[µm] 
Na 
[1015 cm-3] (4) 
1 
non 0.04 3.23 1.92 
TBAI 0.37 9.81 2.52 
2 
non 0.06 4.33 2.26 
TBAI 0.42 9.90 2.42 
3 
non 0.20 7.47 2.27 
TBAI 0.47 10.63 2.32 
4 
non 0.26 8.22 2.21 
TBAI 0.49 10.69 2.38 
5 
non 0.38 10.03 2.22 
TBAI 0.57 11.59 2.30 
6 
non 0.25 7.61 2.66 
TBAI 0.53 11.22 2.76 
7 
non 0.19 7.47 2.65 
TBAI 0.40 9.81 2.73 
8 
non 0.13 5.87 2.68 
TBAI 0.33 9.19 3.03 
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The simplest type of ARC is the quarter-wave ARC, in which the refractive index of the coating (nARC) 
is equal to the square root of the refractive index of the substrate material, and the optical path length 
(film thickness × nARC) is equal to ¼ the wavelength of the light which is desired to be transmitted (λ). 
This type of ARC allows a broad increase in the transmission of light with wavelengths centered around 
λ, with a maximum of 100% transmission possible at wavelength λ. The photovoltaics in this work 
generate photocurrent in the spectral range of 300-11000 nm and an increase in transmission would be 
most effective if centered in the middle of this range (~700 nm). The refractive index of Si at 700 nm 
is 3.78, thus the ideal nARC and thickness of a quarter-wave ARC for these devices are 1.94 and 90 nm, 
respectively. We chose Sb2O3 as a material which can be easily thermally evaporated and which has a 
refractive index close to 1.94 at 700 nm when deposited at ambient temperature 256. The reflectance of 
Si was modeled using Fresnel’s equations and compared to the reflectance of Si with a 90 nm layer of 
Sb2O3, these plots can be found in the supporting information (Figure 9.10).  
 
 
Figure 9.10. Simulated EQE data with 90 nm of Sb2O3 ARC layer.  
These plots show that the reflectance should be reduced from 35% to less than 5% in the range of 600 
– 900 nm. Devices were fabricated using optimal conditions including a TBAI layer and aging for 5 
days, and completed with a 90 nm Sb2O3 ARC layer after grid electrodes were deposited. Although the 
modeled increase in reflectance suggests that the JSC may be increased by as much as 45% to ~28 
mA/cm2, the observed increase in JSC was somewhat lower, possibly due to a slight anti-reflection effect 
in the control devices, caused by the C60 and TBAI layers. Although the increase in JSC caused by the 
ARC was somewhat lower than the theoretically predicted value, the devices nonetheless showed a 
dramatically improved JSC of 25 mA/cm2. Figure 9.11 shows the J–V characteristic, and this improved 
JSC, with a VOC and FF of 0.50 V and 67%, respectively yielded a PCE of 8.43%, which is currently by 
far the highest PCE reported for any hybrid device based on a p-type silicon layer and n-type organic 
layer.  
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Figure 9.11. J–V Characteristics of the best performance of p-Si/C60 hybrid solar cells adopted 
antireflection coating layer. 
 
9.4. Conclusion 
We have conducted a detailed investigation of hybrid solar cells based on the Si/C60 heterojunction. 
This type of device is attractive as it offers a route to simplify the processing of Si solar cells by 
taking advantage of the simple and economical deposition of the organic C60 layer and eliminating 
the need for the sensitive, high-temperature diffusion of toxic gasses into the Si crystal lattice. We 
observed that several parameters were critical to the successful operation of these devices. The use 
of an ultra-thin (~10 nm) C60 layer was critical to allow rapid electron extraction and prevent the 
build-up electrons near the grid electrodes. Additionally, aging in an N2 environment and the 
introduction of a TBAI layer were both found to increase the depletion width in the Si layer, while 
reducing carrier recombination rates and improving the diode characteristics of the devices. 
Optimization of the TBAI layer and aging parameters led to PCEs of ~5.67%. A further increase 
in the PCE of these devices was realized by the introduction of an Sb2O3 ARC which led to devices 
with a PCE of 8.4%. This value is currently the highest reported for any hybrid, heterojunction 
device composed of a p-type Si layer with an n-type organic layer by a large margin and serves to 
establish the Si/C60 heterojunction as a viable and attractive platform for future research. We 
envision that further optimization of the fabrication process, geometry, electrical contacts and 
management of charge-recombination issues can lead to highly competitive hybrid solar cells.  
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10. Summary  
In this study, the active layers of PSCs and HySCs are presented with various strategies based on the 
active layers. Carefully designed p-type conjugated polymers and additives are studied in each PSCs, 
and amorphous and crystalline Si are applied in HySCs. 
 An electron-rich CZ and electron-deficient BBT units PCZ-BBT, a PPV-type copolymer PCZV-BBTV, 
and a tercopolymer based on carbazole, thiophene, and PDTCZBBT have been designed to understand 
the influence of BBT acceptor structure on the PSC characteristics. All polymers provide a photovoltaic 
response when blended with a fullerene derivative as an electron acceptor. Moreover, the introduction 
of fluorine atoms onto BBT-conjugated polymer backbone is an effective way to enhance the 
performance of polymer-based BHJ solar cells. As our attempt to further understand the impact of F, 
herein two fluorinated analogues of PCDTBT, namely, PCDTFBT and PCDT2FBT, through inclusion 
of either one or two F atoms into the benzothiadiazole unit of the polymer backbone and the 
characterization of their physical properties, especially their performance in solar cells. 
Substantial improvements in the efficiency and thermal stability of the polymer BHJ system were 
achieved by adding a diblockcopolymer P3HT-b-P (St89BAz11)-C60 as a compatibilizer additive. Small 
amounts of the diblockcopolymer alter the interfacial morphology between the P3HT and PCBM 
components, resulting in a noticeable difference in phase segregation of the BHJ films. A small amount 
of additive exhibits substantially improved power conversion efficiency and thermal stability of the 
BHJ device.  Another additive that enhances the performance of PSCs is an iridium complex with 
pendant sodium cations (pqIrpicNa) as an energy donor and PEO as an ion channel. With the iridium 
complex and PEO as additives, a 20% increase in the efficiency of the PSC is observed. The 
enhancement of PSC are from the morphology with the iridium complex and the enhanced mobility of 
the sodium cations toward the metal electrodes through the ion channel of PEO under sunlight, which 
results in an increased charge collection at the electrodes. 
Chemically modified fullerene derivatives are used as n-type organic materials for the solar 
cells. A fullerene-rich dendron and linear polymer and utilized PSCs with P3HT successfully. 
 Bi-functionalized materials are materials which can act as a p-type or n-type material. The bifunctional 
properties using ambipolar low band gap conjugated copolymer in BHJ solar cells are investigated. 
Ambipolar copolymer, PDTDPP-alt-BTZ, successfully works as the bifunctional material acting as 
both as a donor and an acceptor. 
Moreover, the performance of hybrid solar cells comprised of a-Si:H, PC71BM, and PEDOT:PSS were 
studied as a function of the thickness of the a-Si:H layer. A 274 nm-thick layer of a-Si:H for the HySCs 
shows the best performance.  
High-efficiency hybrid solar cell comprising of p-type crystalline Si with an organic n-type C60 layer 
were studied. Fabrication parameters were thoroughly investigated and critical factors for the efficient 
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operation of this type of device were found to include C60 thickness, doping of the C60 layer using TBAI, 
age-induced surface passivation, and the incorporation of anti-reflection coatings. 
These various materials and methods detailed in this body of work pave the way to commercialization 
of next-generation photovoltaic cells. 
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